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ABSTRACT: Hydrogen energy-based electrochemical energy conversion technologies offers the 

promise of enabling a transition of the global energy landscape from fossil fuels to renewable 

energy. Here, we present a comprehensive review of the fundamentals of electrocatalysis in 

alkaline media and applications in alkaline-based energy technologies, particularly alkaline fuel 

cells and water electrolyzers. Anion exchange (alkaline) membrane fuel cells (AEMFCs) enable 

the use of non-precious electrocatalysts for the sluggish oxygen reduction reaction (ORR), relative 

to proton exchange membrane fuel cells (PEMFCs), which require Pt-based electrocatalysts. 

However, the hydrogen oxidation reaction (HOR) kinetics is significantly slower in alkaline media 

than in acidic media. Understanding these phenomena require applying theoretical and 

experimental methods to unravel molecular-level thermodynamics and kinetics of hydrogen and 

oxygen electrocatalysis and, particularly, the proton-coupled electron transfer (PCET) process that 

takes place in a proton-deficient alkaline media. Extensive electrochemical and spectroscopic 

studies, on single-crystal Pt and metal oxides, have contributed to the development of activity 

descriptors, as well as the identification of the nature of active sites, and the rate-determining steps 

of the HOR and ORR. Among these, the structure and reactivity of interfacial water serve as key 

potential and pH-dependent kinetic factors that are helping elucidate the origins of the HOR and 

ORR activity differences in acid and base. Additionally, deliberately modulating and controlling 

catalyst-support interactions have provided valuable insights for enhancing catalyst accessibility 

and durability during operation. The design and synthesis of highly conductive and durable 

alkaline membranes/ionomers have enabled AEMFCs to reach initial performance metrics equal 

to or higher than those of PEMFCs. We emphasize the importance of using membrane electrode 

assemblies (MEAs) to integrate the often separately pursued/optimized electrocatalyst/support and 
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membranes/ionomer components. Operando/in situ methods, at multi-scales, and ab initio 

simulations are providing a mechanistic understanding of electron, ionic and mass transport at 

catalyst/ionomer/membrane interfaces and the necessary guidance to achieve fuel cell operation in 

air over thousands of hours. We hope that that this review will serve as a roadmap for advancing 

the scientific understanding of the fundamental factors governing electrochemical energy 

conversion in alkaline media with the ultimate goal of achieving ultra-low Pt or precious-metal-

free high-performance and durable alkaline fuel cells and related technologies.    

TOC Graphic: (5x5 cm)
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1. INTRODUCTION
One of the grand challenges of our time is how to meet the increasing global energy needs in a 

sustainable and environmentally responsible way. While the use of fossil fuels has greatly 

improved our standard of living, it has also caused detrimental environmental consequences 

associated with their extraction and combustion, causing pollution and carbon emission.1 Shifting 

the energy landscape from fossil fuels to renewable energy technologies will play a key role in 

tackling complex environmental and economic challenges. One of the most promising approaches 

to lower carbon emission is to develop hydrogen energy based on hydrogen fuel cells and water 

electrolyzers (H2 + O2  H2O).2 Hydrogen fuel cells can transform the chemical energy in ⟺

hydrogen directly into electricity with an energy efficiency 2-3 times higher than that of internal 

combustion engines. Considering the high energy density (120 MJ/kg) and fast refill time (~5 min) 

of H2 gas, hydrogen fuel cells have emerged as critical energy technologies for powering long-

distance electric vehicles (EVs).3 Water electrolyzers are cost-competitive technologies to produce 

H2 at a large scale with potentially zero carbon emission if driven by renewable electricity.4 Those 

two hydrogen-based technologies show the potential to balance the mismatch between intermittent 

solar/wind energy and the need for continuous power in existing electricity grids.5 

Although fuel cells were first demonstrated by Sir William Grove in 1839, they were not 

practically useful until a century later when alkaline fuel cells (AFCs) were invented by Francis 

Thomas Bacon in 1932. A 5 kW AFC stack, using Ni to overcome electrode corrosion in 

concentrated KOH, was constructed in 1959 with an operating efficiency of 60%. Since then, 
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7

AFCs have been used by NASA, in the mid-1960s, as power generators for Apollo missions and 

Space Shuttle programs, which used pure hydrogen and oxygen. However, when alkaline fuel cells 

are operated with air for daily automotive applications, KOH solutions react with CO2 and produce 

carbonates, which can precipitate and block the porous electrodes and lower the ionic conductivity 

of the electrolyte, causing a detrimental performance drop. Proton exchange membrane fuel cells 

(PEMFCs) were developed later by William Grubb and Leonard Niedrach at General Electric in 

the 1960s and used briefly for the NASA Gemini program. However, water-management issues in 

PEMs made them less reliable and, therefore, less competitive than AFCs. AFCs were thus used 

by NASA as the primary power system through the 1990s. Several critical innovations, particularly 

Nafion membranes discovered by Walther Grot of DuPont, low Pt loadings in Pt-based alloys and 

thin-film membrane electrode assemblies (MEAs), dramatically lowered the cost and improved 

the reliability of PEMFCs.6 The compact configuration of PEMFCs enables a small cell volume 

and light weight, CO2-tolerance, and the lack of a corrosive electrolyte offer PEMFCs great 

advantages over AFCs; especially for EV applications.

After more than two-decades of development, PEMFCs have enabled a steadily growing global 

market for fuel cell EVs (FCEVs). However, PEMFCs inherently require a significant amount of 

scarce and expensive Pt-based electrocatalysts to facilitate the sluggish oxygen reduction reaction 

(ORR) while only a minimal amount of Pt is required to catalyze the fast HOR in acid.7,8 The Pt-

based catalyst cost is projected to be the largest single component (up to 40%) of the total cost of 

a PEMFC.9 As an alternative, anion exchange membrane fuel cells (AEMFCs) have drawn 

increasing attention since they enable the use of non-precious group metal (PGM) electrocatalysts 

and AEMs can effectively mitigate the carbonate precipitation issue in KOH solutions. Non-

precious ORR electrocatalysts, such as 3d metals or metal oxides, perovskites and metal-

containing N-doped carbon, are attractive for their low cost, promising activity, and durability.10,11 
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However, AEMFCs also face another challenge; the rate of the HOR on Pt is two orders of 

magnitude slower in alkaline media than in acidic media, leading to a significantly higher Pt 

loading required at the hydrogen anode. Thus, new low-Pt and eventually non-PGM HOR 

electrocatalysts must be developed in order to enable the implementation of high-performance 

alkaline fuel cell technologies at large scale and low cost. 

Various naming schemes have been employed to describe alkaline fuel cell technologies, such 

as anion exchange membrane fuel cells (AEMFCs), alkaline anion exchange membrane fuel cells 

(AAEMFCs), alkaline membrane fuel cells (AMFCs), alkaline polymer electrolyte fuel cells 

(APEFCs) and hydroxide exchange membrane fuel cells (HEMFCs). In this review, AEMFCs 

were chosen to be parallel to PEMFCs and convey the possibility to employ both hydroxide and 

carbonate conducting devices. Although the advantages of AEMFCs have been long recognized, 

early prototypes of AEMFC still used Pt to catalyze both the ORR and HOR.12 The first AEMFC 

with non-PGM electrocatalysts was reported to have a peak power density (PPD) of 50 mW/cm2 

by Zhuang et al. in 2008 using a Ag cathode, Ni-Cr anode and a quaternary ammonium-

functionalized poly(arylene ether sulfone)s (QAPS) membrane.13 After one-decade of extensive 

research efforts in AEMFCs,14,15 MEA performances beyond 1 W/cm2 have been recently achieved 

using a non-precious Co-Mn spinel oxide cathode, a Pt-Ru anode and a poly(p-terphenyl-

piperidinium) (QAPPT) membrane.16 The >20-fold performance enhancement arises, in part, from 

key advances in developing highly conductive and durable alkaline/anion exchange membranes 

(AEMs)/ionomers, non-precious ORR/HOR electrocatalysts, and optimization of MEA fabrication 

and testing protocols. AEMFCs can now achieve a comparable initial MEA performance to state-

of-the-art PEMFCs. Practical FCEVs necessitate achieving not only a high initial performance, 

but also long-term durability during MEA operation in air. While non-precious electrocatalysts 

will bring new possibilities to fuel cell technologies, it is pivotal to deconvolve the degradation 

mechanisms of electrocatalysts from membranes and ionomers, in order to enable stable AEMFC 
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operation over hundreds to thousands of hours. The strategies used to study alkaline fuel cells and 

water electrolyzers can be extended to investigate other alkaline-based energy technologies, such 

as flow batteries, CO2 and N2 electroreduction, and other electrochemical processes like coupling 

reactions used in biomass to extend chain lengths.

Here, we present a comprehensive review of fundamentals of electrocatalysis in alkaline media 

and applications for alkaline-based energy technologies, especially alkaline fuel cells and water 

electrolyzers. In this review, we first establish a theoretical framework of the thermodynamics of 

one and multiple electron transfer processes in hydrogen and oxygen electrocatalysis and discuss 

the proton coupled electron transfer (PCET) process in a proton-deficient alkaline environment. 

Those theoretical studies and concepts lay the foundation for the experimental investigations of 

hydrogen oxidation/evolution reactions (HOR/HER) and oxygen reduction/evolution reactions 

(OER/ORR) in alkaline media. Special attention has been paid to well-defined single crystals, 

especially Pt, with tunable facets and stepped structures, to provide an atomic and molecular-level 

understanding of the HOR and ORR mechanisms in alkaline media. We present electrochemical 

measurements to identify rate determining steps (RDSs) of HOR/HER among Tafel, Heyrovsky 

and Volmer steps. We then discuss spectroscopic and theoretical studies of various HOR/HER 

activity descriptors, including H-binding energy, electronic and oxophilic effects, alkali cation 

adsorption and interfacial water structures. The sluggish HOR kinetics in alkaline media are 

proposed to arise from a more rigid water network since the applied potential is far away from the 

potential of zero free charge (pzfc), relative to that in acid. Selected examples of nanoparticle HOR 

electrocatalysts are presented, including Pt-based alloys, non-Pt PGM alloys (Pd, Ru, etc.), and 

non-precious Ni-based architectures. In particular, Pt-Ru, supported on carbon, demonstrates 

superior HOR activity compared to Pt in MEA measurements while Ni-based electrocatalysts 

exhibit the highest HOR activity and promising durability among all non-precious metal-based 

catalysts. An early review on HOR kinetics in alkaline media and the roles of H-binding energy 

and electronic/oxophilic effects can be found elsewhere.17

A significant portion of this review focuses on the understanding of complex ORR 

mechanisms and the design of non-PGM ORR electrocatalysts; a critical component at the heart 

of alkaline fuel cells. Based on extensive electrochemical, spectroscopic, and theoretical evidences, 
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the general ORR mechanisms in acid and base are presented, involving multiple reaction species 

of adsorbed HO2, H2O2, OH in acid and adsorbed O2
-, HO2

-, and OH in base. Adsorbed HO2 in 

acid and O2
- in base are recognized as key reaction intermediates preceding the bifurcation point 

towards the formation of water, by a 4e- process, or peroxide, by a 2e- process, which largely 

dictates the ORR activity and selectivity. Pt single crystals offer a model system to thoroughly 

investigate the effects of facets, stepped structures, pH, cation adsorption and temperature on ORR 

kinetics. Special attention has been paid to spatially resolve interfacial water networks and their 

close interaction with co-adsorbed OH by operando/in situ vibrational spectroscopy and 

theoretical simulations. The potential and pH-dependent interfacial water structures on stepped Pt 

are rigorously quantified by the potential of zero total/free charge (pztc/pzfc) and the potential of 

maximum entropy (pme).

The ORR mechanisms and the identification of activity descriptors of non-precious metal 

oxides in alkaline media have also benefited tremendously from studies on well-defined atomically 

flat oxide thin films, such as perovskites (e.g., LaMO3) and rutiles (e.g., RuO2). Recently, despite 

their modest activity in RDE measurements, Co-Mn spinels outperformed their single metal oxide 

counterparts and Pt/C as the oxygen cathode in MEA measurements, ascribed to the synergistic 

effects between Co and Mn.16,17 To tackle the intrinsically low conductivity of oxides, 3d metal 

nitrides are being produced and demonstrate enhanced ORR activities, although their long-term 

stability requires further investigation. Atomically dispersed metals in N-doped carbon (M-N-C) 

are emerging as a new promising family of non-PGM ORR electrocatalysts, due to their great 

structural and compositional tunability, high activity and low cost. The chemical identity of ORR 

active sites, such as FeN4 in Fe-N-C, and possible ORR pathways are discussed. Finally, the 

strategy to design non-Pt PGM catalysts, including Pd, Ru and Ag, are presented, in an effort to 

diversify the catalyst candidates for AEMFC applications demanding very high current and power 

densities instead of solely relying on Pt-based ORR electrocatalysts as in PEMFCs. Interested 

readers are also encouraged to read other earlier reviews on ORR electrocatalysts in acidic 

media3,6,9 and ORR electrocatalysts in alkaline media.10,11 

Support materials are equally important to electrocatalysts since they not only provide stable 

loading/binding sites for catalytic nanoparticles, but also pathways for electron, ion and mass 

transfer by forming continuous porous channels. We review both carbon and non-carbon supports 

and discuss how the catalyst-support interactions modulate the catalyst activity, stability, and mass 
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transport in AEMFCs. Carbon structures are the most widely used support material due to their 

high electrical conductivity, large surface area, electrochemical stability, and low price. Non 

carbon supports, including oxide, nitride, and carbide, can have a much stronger interaction with 

catalyst nanoparticles, which can lead to increased activity and stability, whereas attaining as high 

surface area and conductivity as carbon is still a challenge. 

Alkaline membranes and ionomers, when combined with supported electrocatalysts, compose 

the catalyst coated membrane (CCM) layers, which are central components of MEAs. In this 

review, we present a comprehensive summary of the design and synthesis of alkaline membranes 

and ionomers. The stabilities of cationic groups depend on temperature, hydroxide concentration, 

and types of reaction vessel. Thus, standard protocols for stability testing in alkaline solution are 

necessary to enable an objective comparison across the field. The alkaline stability of cations is 

summarized into three groups, quaternary ammoniums, imidazoliums and phosphoniums in 

various solutions at elevated pH and temperature. The polymer backbones are designed to allow 

for sufficient cation incorporations to achieve high ionic conductivity (ion-exchange capacity) and 

proper water uptake while maintaining mechanical integrity and long-term stability in alkaline 

media. The advantages and challenges of a variety of polymer backbones are reviewed, including 

polyarylenes, polyfluorenes, polystyrenes, polyethylenes and polynorbornenes, in the context of 

polymer structure, morphology, ion exchange conductivity, stability, and processability. The 

dynamic formation of carbonate and the water distribution at the cathode and anode are 

investigated with various characterization techniques. Since ionomers are in close proximity to 

electrocatalysts, the effects of organic cation adsorption on catalysts are investigated in both RDE 

and MEA measurements. 

The stability of the majority of AEMs is preliminary examined in alkaline solution and indicate 

that a more realistic evaluation must be carried out in MEAs during fuel cell operation. Although 

many electrocatalysts exhibit impressive activity and stability in RDE measurements, few have 

translated into comparable MEA performance in AEMFCs. The RDE-MEA discrepancy originates 

from the fundamental differences in the nature of their interfaces (solid-liquid vs. solid-liquid-gas), 

mass transport, operating temperatures and testing conditions. Thus, in an effort to integrate the 

above individual components of electrocatalysts, supports and AEM/ionomers, we recommend 

that the development of electrode materials and membranes should include MEA device tests in 

early-stage development. We introduce standard MEA fabrication and testing protocols, in order 
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to deconvolve the scientific challenges associated with kinetics and mass transport from device 

engineering. A comprehensive overview of the progress in initial AEMFC performances is 

introduced with emphasis on non-PGM oxygen cathodes and hydrogen anodes. The MEA stability 

of selected AEMs is reviewed, including polyarylene, polyethylene and polynorbornene-based 

AEMs, which are affected by changes in mass transport, water distribution and the degradation of 

catalysts and membranes/ionomers. The impact of CO2 in air is discussed in great detail. The origin 

of performance degradation, due to carbonation, is associated with the CO2 intake at the cathode 

and “self-purging” at the anode. Special attention is paid to understanding the ionic, gaseous, and 

electronic transport at both the nanoscale and mesoscale with the aid of numeric modeling. 

Understanding the dynamic structural and compositional evolution of catalyst/support-polymer 

electrolyte interfaces is fundamental to the design of high-performance AEMFCs. In this review, 

we provide a selective review of operando/in situ characterization techniques, in particular, the 

use of synchrotron-based X-ray techniques and scanning transmission electron microscopy (STEM) 

to resolve interfacial changes at macroscopic and microscopic levels. Operando X-ray absorption 

spectroscopy can track the dynamic changes of chemical and bonding information under 

electrochemical conditions, same as standard electrochemical measurements, while surface X-ray 

scattering provides atomic-scale structural changes at electrode-electrolyte interfaces.18 In situ 

electrochemical liquid-cell STEM (EC-STEM) is capable of resolving real-time potential-

dependent morphological, compositional and structural changes of electrocatalysts with nm or 

better resolution, and provides unique insights for enhancing catalyst activity and durability. 

Cryogenic TEM (cryo-TEM) can reliably characterize beam-sensitive soft materials at 

catalyst/ionomer/membrane interfaces and help deconvolve the degradation of electrocatalysts 

from that of alkaline polymers. 

 Finally, first-principles ab initio theories are instrumental to rationalize activity trends, guide 

the design of electrocatalysts, and ultimately unravel the real nature of reaction mechanisms at 

electrode-electrolyte interfaces. Here, we provide a selective review of ab initio theories for 

surface electrocatalysis in alkaline media and ion transport in liquid water, ab initio joint DFT 

study of electrochemical environments in the presence of electrolyte and degradation mechanisms 

of polymer membranes. The continuous advances in ab initio theory will provide more accurate 

and faster theoretical modeling of realistic electrocatalytic reactions at electrode-electrolyte 

interfaces.
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In this illustrative review, we present the dramatic progress and significant challenges in the 

fundamental understanding of electrocatalysis in alkaline media and the potential applications in 

alkaline-based energy technologies.      

2. THERMODYNAMICS AND KINETICS OF HYDROGEN AND OXYGEN 

ELECTROCATALYSIS 
The chemistries of ORR and HOR are among the most studied in the electrochemical literature. 

However, the identity of the reaction steps occurring at the electrocatalytic interfaces for these two 

reactions remains elusive. Combined experimental and theoretical approaches, resulting in the 

formulation of DFT-informed microkinetic models (MKM) can provide information on the nature 

of the catalytic active site when the reaction is taking place, and the individual contribution of each 

reaction step to the overall reaction. For this reason, in this section, we present the key reaction 

steps for ORR and HOR and the main assumptions considered for the formulation of MKM models. 

In this context, particular attention will be devoted to the discussion of thermodynamic and kinetic 

aspects of the elementary steps.

2.1. Theory of the Hydrogen Oxidation Reaction (HOR)

The hydrogen oxidation and evolution reactions (HOR/HER) are of great importance for fuel cells 

and water electrolyzers. Although Pt is highly active for the HOR/HER in acid, it is significantly 

slower in alkaline media. Hence, it is essential to understand the reaction mechanisms and 

pathways that govern the electrocatalytic process. The overall HOR reaction can be written as : H2 

↔ 2H+ + 2e- (acid); H2 + 2OH- ↔ 2H2O + 2e- (base). Microscopically, the HOR proceeds through 

a two-step process, namely, H2 chemical adsorption (Tafel step) or electrochemical adsorption 

(Heyrovsky step) followed by oxidative desorption of adsorbed H (Volmer step). 

Scheme 1. Three possible HOR mechanisms in acid and base. Had represents the reactive intermediate 

adsorbed on the electrocatalytic surface. Each mechanism is comprised of a sequence of two of the three 
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steps shown. Depending on which is the rate-determining step (RDS), four possible reaction pathways are 

proposed: Tafel-Volmer, Heyrovsky-Volmer, Tafel-Volmer and Heyrovsky-Volmer (bold indicates the 

RDS in each possible mechanism). 

As illustrated in Scheme 1, the Tafel step is a chemical process of H2 dissociation involving 

two active sites while only one site is required in the Heyrovsky step. For the Volmer step, Had is 

oxidatively removed from the active site, forming H+ in acid or H2O by reacting with OH- in base. 

Detailed discussion of the RDSs will be covered in Section 3.

Figure 1. (A) HOR Activity volcano plot as a function of the binding energy (upper panel) and the Gibbs 

free energy of adsorbed hydrogen (bottom panel), respectively. (B) Schematic of the HOR elementary steps 

on Pt(111) in alkaline and acidic environment. (C) Degree of rate control for the transition state of the Tafel 

step on Pt(111) as a function of potential and pH. (D) Degree of rate control for the transition state of the 

Volmer step on Pt(111) as a function of potential and pH. (E) DFT-calculated activation energies for water 

dissociation on Pt(111), Pt(553) and Pt(553) decorated with 1 ML of Re, Ru, Rh or Ag at the step edge, as 

a function of the Gibbs free adsorption energy of hydroxide. Blue circles and orange diamonds represent 

calculated activation energy barriers considering OH* and OH− as products of water dissociation, 

respectively. The dashed lines are linear regressions according to the equations reported in the figure. 

Experimentally measured activation energies for hydrogen evolution (grey rectangles) on Pt(111)82 and 

Pt(polycrystalline)83 are given for comparison. (A) is reprinted with permission from ref 20. Copyright 2010 

The Electrochemical Society. Panels (B), (C), and (D) are reprinted with permission from ref 33. Copyright 
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2020 American Chemical Society. (E) is reprinted with permission from ref 34. Copyright 2020 Springer 

Nature.

Theoretical methods, such as DFT and microkinetic modeling, have provided critical insights 

into the reaction mechanism for the HOR and HER. In acidic media, the binding energy of 

hydrogen (HBE) has long been recognized as a descriptor for the HOR/HER.19 DFT calculations 

yield a volcano-type relationship between the HBE and activity in acidic media, with the ideal 

catalyst binding hydrogen ~0.1 eV weaker than Pt(111) (Figure 1A).20 Nonetheless, a similar 

correlation between HBE and activity is seen in alkaline media, with the largest difference being 

that the overall activity is far lower under alkaline conditions.21 Because pH plays a key role in 

HOR/HER kinetics, several explanations and potential reactivity descriptors, based on 

experimental measurements, have been proposed: 1) The HBE shifts in alkaline conditions, and 

the HBE serves as the key descriptor for the HOR/HER.22,23 2) The availability of OH* on the 

surface is critical for the overall reaction, and promoting OH adsorption increases HOR reaction 

rates; thus, the binding energy of OH* serves as a reactivity descriptor for the HOR/HER.24,25 3) 

Because interfacial electric fields are greater under alkaline versus acidic conditions, the water 

reorganization energy associated with proton transfer is pH dependent. Therefore, the potential of 

zero charge should be close to the onset potential of the HOR/HER.26,27 Recently, theoretical 

methods have been utilized to further examine these proposals, particularly (1) and (3), to 

determine why the HOR/HER is much slower in alkaline versus acidic media. 

MKMs are a convenient theoretical tool constructed for bridging the gap between DFT-derived 

energetics and experimental data.28,29 These models represent a series of elementary steps in a 

reaction and describe the rates of the elementary steps using a system of differential equations. For 

example, mean-field MKMs have been utilized to derive CV curves in acidic and alkaline media 

to further evaluate HOR/HER kinetics. Intikhab et al. developed a MKM for the HOR based on 

DFT-calculated binding energies to simulate CV profiles on Pt(110).30 In particular, they 

considered whether OHad actively participates in the Volmer step of the HOR in the hydrogen 

underpotential deposition (Hupd) region (0 to 0.5 V vs reversible hydrogen electrode (RHE)). They 

found the best agreement between their model and experiments when the HOR proceeded through 

a direct Volmer step (i.e., with OH- as a reactant). They further determined that OHad decreased 

available surface sites, but the authors largely attributed the sluggish HOR activity under alkaline 
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conditions to intrinsic kinetic barriers in the Volmer step (likely from pH-dependent interfacial 

water structures). Rebollar et al. expanded on this work by varying the adsorption strength of OH 

in their MKMsto demonstrate that increasing the adsorption strength of OH does not promote 

faster HOR/HER kinetics.31 

Recently, Lamoureux et al. developed a MKM that included not only binding energies from 

DFT, but also included DFT-derived reaction barriers for each step in the HOR/HER on Pt(111).32 

Much like the earlier MKM work on the HOR/HER, this work also found that experimental activity 

trends could be rationalized by differences in the barrier for the Volmer step as a function of pH. 

Specifically, the authors suggested that as the pH increases, the proton donor for the Volmer step 

in the HER shifts from hydronium to water and that the barrier for donating a proton from water 

is higher than from hydronium. To date, the most detailed microkinetic modeling of the HOR/HER 

was performed by Liu et al.33 In this work, the authors combined a mean-field MKM and a 

simplified diffusion model to calculate the polarization profiles for the HOR/HER on Pt(111) at a 

range of pH values. Furthermore, this model utilized potential and coverage-dependent binding 

energies and reaction barriers that considered the role of an implicit solvent. Like the work from 

Intikhab et al.,30 the authors found that the current near the HOR onset potential is mostly attributed 

to pathways involving OH- rather than OHad. By analyzing the degree of rate control for the 

elementary steps in the HOR (Figures 1C-D), they found that the Tafel step largely controls the 

current in acidic media, but that the Tafel and Volmer steps both dictate the current in alkaline 

media due to the increasing barrier of the Volmer step increasing as the pH increases. 

Overall, the body of work from MKMs based on DFT energetics reaches the conclusion that 

that the Volmer step has a higher barrier as the pH increases, leading to sluggish HOR/HER 

kinetics under more alkaline conditions. Additionally, these models find that OH-, rather than OHad, 

serves as the primary intermediate in the HOR/HER in alkaline media. While this might suggest 

that the binding energy of OHad would not be an appropriate descriptor for the HOR/HER in 

alkaline media, work from McCrum et al. utilized DFT calculations to show that the barrier for 

water dissociation in the HER correlates well with the binding energy of OHad (Figure 1E).34 

Therefore, even though OHad is not involved in the HOR/HER, the trends in HER kinetics could 

be rationalized using a volcano plot that utilizes both HBE and the binding energy of OHad as 

descriptors. 

2.2. Theory of the Oxygen Reduction Reaction (ORR) 

Page 17 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

Among the most significant contributions to theoretical electrocatalysis of the ORR is that of 

NØrskov et al.35 With the introduction of the so called “Computational Hydrogen Electrode” (CHE) 

formalism, allowing to connect DFT-derived energetics with experimental applied potentials, this 

work laid the foundations for the utilization of quantum chemical calculations for applications in 

electrocatalysis (more details are provided in Section 9.1). Furthermore, for the first time, a 

computational approach was used to shed light on two different mechanistic propositions of the 

ORR: the “dissociative” and the “associative” mechanisms (Scheme 2). The latter was proposed 

on the basis of earlier electrochemical measurements, suggesting the presence of a peroxy (OOH) 

intermediate.36 Experimental evidences for the ORR mechanisms in Scheme 2 will be covered in 

Section 4. Before discussing the thermodynamics and kinetics of the reaction, it is useful to review 

the elementary steps of the dissociative and associative ORR pathways.

Scheme 2. General mechanisms proposed for the oxygen reduction reaction (ORR) in acid and base. 

Reaction pathways have been established based on extensive studies on Pt surfaces and may be applicable 

for other types of catalysts. A superscript * by an intermediate indicates a reaction intermediate adsorbed 
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on the electrocatalytic surface. Cs
fastE1

irrev in acid represents a fast surface chemical reaction preceding an 

irreversible one-electron transfer process. PCET stands for proton-coupled electron transfer process. H2O 

serves as the proton donor in alkaline media. Reaction pathways originating from step “a” and “p” are the 

associative and dissociative pathways of the ORR, respectively.   

In acidic environments, the dissociative pathway proceeds through O2 dissociation (Scheme 2, 

step p), followed by consecutive proton-electron transfer steps (steps q-g-i). The mechanism 

proceeds through the exchange of 4e-. The associative mechanism can either proceed through a 4e- 

pathway, through the formation of OOH* (step a) followed by protonation steps (steps b-e/f-g/h-

i), or a 2e- pathway resulting in the formation of H2O2 (step f). Using the CHE formalism in 

conjunction with thermodynamic scaling relations (Section 9.1), the activity trends among 

different weakly- and strongly-binding electrocatalytic surfaces could be rationalized, as described 

by a Sabatier volcano plot, presented in Figure 2A. Under low oxygen coverages, and assuming 

that the activation barrier of each proton-electron transfer step is solely dependent on the Gibbs 

free energy change associated to the step, Pt is the most active monometallic surface towards ORR 

in acidic environments. The reaction proceeds through the 4e- pathway (Figure 2B). At oxygen 

coverages of ~0.5 monolayer, the associative mechanism dominates (Figure 2C). The high 

tendency of Pt(111) to strongly bind oxygen is at the root of the experimentally-observed 

overpotential,37 hence improved ORR electrocatalysts should be able to bind *OH ~0.1 eV weaker 

than Pt. 
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Figure 2. (A) DFT-derived activity of electrocatalysts for the ORR in acidic environment as a function of 

the binding energy of oxygen; (B) Free-energy diagram (FED) for the ORR dissociative mechanism on 

Pt(111) at different potentials (U=0 V and U=1.23 V vs. RHE) and different O* coverages (O = 0, O = 

0.5); (C) Free-energy diagram (FED) for the ORR associative mechanism on Pt(111) (O = 0.5, red lines) 

and Au(111) (O = 0, black lines) at different potentials (U=0 V and U=1.23 V vs. RHE); (D) Associative 

mechanism for ORR on weakly-binding electrocatalytic surfaces. The subscript “ads” indicates reaction 

intermediates adsorbed on the electrocatalytic surface. In the mechanism, tilted arrows indicate coupled 

proton-electron transfer steps (CPET), while straight arrows indicate consecutive decoupled proton (PT) 

and electron (ET) transfer steps; (E) Variation in current density as a function of pH obtained from kinetic 

modeling of a generic decoupled proton and electron transfer step. Solid lines indicate H+
 as the proton 

donor, while for dashed lines water is assumed to be the proton donor. Panel (A), (B), and (C) are reprinted 

and adapted with permission from ref 35. Copyright 2004 American Chemical Society. Panel (D) is 

reprinted with permission from ref 38. Copyright 2013, the Royal Society of Chemistry Panel (E) is 

reprinted with permission from ref 44. Copyright 2015, the Author.

The seminal work of NØrskov et al. on the mechanism of ORR and electrocatalyst design 

principles relies on the following assumptions: (1) The proton-electron transfer steps occur in a 

concerted way (i.e. concerted proton-electron transfer (PCET)); (2) The largest among the Gibbs 

free energy differences associated to PCET steps in Scheme 2 defines the limiting potential of the 

reaction; (3) The effect of external electric fields is negligible; (4) The effect of applied bias on the 
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stability of surface reaction intermediates is included by shifting the energy of a state by -eU (for 

reduction steps), with U being the applied bias; (5) The effect of pH is included by accounting for 

the concentration dependence of the entropy. This is done by correcting the free energy of H+ by 

kT ln10×pH, where k is the Boltzmann constant and T is the temperature. The vast majority of 

previous literature relies on one or more of these assumptions. In this section, we discuss the 

assumptions made in previous studies, considering their relevance, applicability, and 

consequences, especially for the ORR and HOR in alkaline environments. 

Concerted vs. Decoupled Proton-Electron Transfer Steps. The concerted mechanism for the 

proton-electron transfer step is by far the most common assumption used in a wide variety of 

computational and experimental studies. In a 2013 perspective, Koper analyzed, in detail, the 

thermodynamic and kinetic consequences of considering consecutive PCET steps and decoupled 

proton-electron transfer in the context of the ORR.38 A reaction scheme showing these two 

possibilities is presented in Figure 2D, where the diagonal reaction steps represent PCETs. While 

we direct the reader to Sections 2.2 and 9.5 for more details on the theoretical aspects of PCETs 

and decoupled electron transfer, we anticipate that the proton and electron transfers will decouple 

if the activation energy barrier associated to the PCET is higher than that of the decoupled 

processes. For reduction reactions, this condition is achieved when the proton and electron 

affinities of the reaction intermediates is sufficiently high. Combining scaling relations (described 

in Section 9.1) with a thermodynamic analysis of the ORR, in the limit of PCETs, Koper derived 

an approximate expression for the minimum thermodynamic overpotential ( ) required for the 𝜂𝑚𝑖𝑛
𝑇

ORR. This is equal to ) where e0 is the unit of charge and 𝜂𝑚𝑖𝑛
𝑇 =

1
2𝑒0

(∆𝐺𝑂𝑂𝐻
𝑂𝐻 ―2.46 ∆𝐺𝑂𝑂𝐻

𝑂𝐻 =  𝐺𝑂𝑂𝐻

, i.e. the free energy difference between adsorbed OOH* and OH*. Therefore, a ― 𝐺𝑂𝐻

consequence of considering fully PCET steps in the mechanism is the independence of the 

thermodynamic overpotential from pH, in the reversible hydrogen electrode (RHE) scale. This 

condition was later experimentally verified for the ORR on Pt.39 Conversely, for weakly-binding 

electrocatalysts (on the right side of the Sabatier volcano plot in Figure 2A), such as Au,40,41 Ag,42 

and Hg,43 the ORR occurs through consecutive decoupled proton-electron transfers. Koper 

analyzed the thermodynamic consequences of decoupled proton-electron transfer mechanisms,38,44 

focusing on the mathematical and physical relation of  with respect to pH. In light of this 𝜂𝑚𝑖𝑛
𝑇

relation, it is, in principle, possible to achieve optimal conditions (minimum overpotential) by 
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adjusting the pH. The optimal pH corresponds to the pKa of the key surface intermediate. The 

variation of current produced during a decoupled electron (A + e- ⇌ A-) and proton transfer (H2O 

+ A- → HA + OH-) of a generic reaction species A, as a function of pH is presented in Figure 2E. 

These generic processes can be used as models for the first and second step of the ORR in alkaline 

environments (Figure 2D, Scheme 1), where H2O acts as the proton donor. The plot shown in 

Figure 2E is obtained through kinetic modeling and shows an increase of the current produced 

with increasing pH, in agreement with experimental measurements of ORR on Au-based 

electrocatalysts.41 This observation corroborates mechanistic propositions identifying O2
- 

(superoxide) as a key intermediate of the ORR in alkaline environments on weakly-binding 

electrocatalysts45–47 (Section 4.1). Interestingly, the intrinsic pH dependence, naturally arising 

from the thermodynamics and kinetics of decoupled proton-electron transfer, has been leveraged 

to optimize the OER performance of metal oxides and oxyhydroxides.48–51 Despite these efforts, 

it is well-known that the electrocatalytic activity of several classes of materials is limited by linear 

scaling relationships correlated to the binding energy of different reaction intermediates, for 

example OH* and OOH* for the ORR.52,53 This important aspect will be reviewed in Section 9.1. 

Catalytic Consequences of Activation Barriers for PCET Steps. With the advent of more 

accurate and affordable quantum mechanical methods, MKM, originally developed in the 80s and 

90s,54 and in conjunction with reaction kinetics experiments, has become a powerful tool for 

elucidating catalytic reaction mechanisms in vapor-phase catalysis. Recent developments in MKM 

were reviewed by Mavrikakis and coworkers55 and Dumesic and coworkers.56,57 However, the 

application of DFT-informed MKMs to electrocatalytic processes remained largely unexplored 

until very recently. This stems from the intrinsic difficulty of calculating activation energy barriers 

for electrochemical steps through theoretical methods. Periodic DFT calculations are indeed 

usually performed under constant charge, rather than under constant potential, the latter more 

realistically representing in electrochemical systems. To overcome this limitation, a variety of 

approaches, mostly based on the so-called “charge extrapolation” method, was previously 

proposed,58 together with more computationally-expensive methods based on Molecular 

Dynamics (MD) simulations.59,60 We refer to the works of Chan and Nørskov61 and to the earlier 

work of Tripković et al.62 as well as to Section 9.1 for more details. Here, we review mechanistic 

insights of full DFT-derived MKMs, encompassing thermal and electrochemical steps, in the 

context of ORR.
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Figure 3. (A) Free energy diagram (FED) for the ORR on Pt(111) in acidic conditions, following the 4e- 

(blue lines) and 2e- (red lines) pathway at 0.9 V vs RHE. (B) Simulated kinetic volcano at 0.9 V vs RHE 

(blue lines) compared to the potential limiting volcano (dashed lines). Filled red circles are experimental 

points (Pt overlayers on Cu/Pt near surface alloys) obtained from Stephens et al.84 The experiments for 

Pt(111) (black square) and Pt3Ni(111) (green triangle) are taken from Markovic and co-workers64 and Shao 

et al. for Pd(111) (black square).65 (C) Coverage of surface reaction intermediates (O*A and OH*A) and 

surface vacant sites (*A) on Pt(111) as a function of potential, while the ORR is taking place. (D) ORR 

onset potentials in acidic environment for different single atom catalysts embedded in N-doped graphene. 

The black lines and points show results of a purely thermodynamic analysis. Full MKM analysis is reported 

as red and blue circles for a simple and a coverage-cognizant microkinetic modeling analysis, respectively. 

Differences in the onset potentials predicted from thermodynamic and microkinetic analysis (ΔUORR) are 

shown above: positive (negative) values correspond to an increase (decrease) in onset potential due to the 

microkinetic analysis. Panels (A), (B), and (C) are reprinted with permission from ref 63. Copyright 2014 
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American Chemical Society. Panel (D) is reprinted with permission from ref 72. Copyright 2015 American 

Chemical Society.

The limitations of considering purely thermodynamic models have been identified by Hansen 

et al.63 Thermodynamic models identify limiting potentials at which the Free Energy Diagram 

(FED) of the ORR in acidic or alkaline environments becomes downhill in energy. The FED of 

the ORR on Pt(111) obtained by Hansen et al. in acidic environment following the associative 4e- 

and 2e- pathway are presented in Figure 3A. The activation energy barrier of each electrochemical 

step, 0.26 eV, was adapted by the work of Tripković et al.62 A comparison between the “kinetic” 

volcano obtained through a combination of scaling relations and full MKM model, with respect to 

a simple “thermodynamic” volcano (equivalent to the one reported in Figure 2A), is shown in 

Figure 3B. Experimental measurements on the (111) facets of Pt,64 Pt3Ni,65 Pd,66 and Cu overlayers 

on Pt,67 are in agreement with the kinetic volcano. Furthermore, the current density predicted by 

the MKM is approximately one order of magnitude lower than the one predicted by a simpler 

thermodynamic analysis. For strongly binding metals (Pt, Pd), the potential-limiting step – i.e. the 

most endothermic among the potential-dependent steps – is the removal of OH* from the surface. 

Instead, the rate-determining step, according to the degree of rate control analysis,68,69 is the 

adsorption of O2 on the surface from the double-layer region. On weakly-binding metals, the 

potential-limiting step is OOH* formation and similarly, the activation barrier for the formation of 

OOH* from O2 limits the rate. In a more recent review, Exner and Over identified the source of 

the discrepancy between thermodynamic and kinetic volcanoes in the identity of the rate-

determining step.70 In particular, thermodynamic and kinetic models are in agreement, only if the 

rate-determining step corresponds to the potential-determining one. Despite the fact that a 

quantitative agreement between experiments and models can be achieved only through a 

comprehensive MKM analysis, a simpler thermodynamic analysis is still able to rationalize trends 

in catalytic activities. Furthermore, in the limit of very strong or very weakly-binding 

electrocatalysts (right and left sides of the volcano plot in Figure 3B), both approaches are in 

reasonable agreement. 

One of the advantages of using a full MKM accounting for activation energy barriers for the 

PCET steps, relies on the possibility of calculating the coverage of surface reaction intermediates 

at a given potential. For example, the coverage of O*, OH*, and empty surface sites (*) on Pt(111), 

while the ORR is taking place under acidic conditions, is shown in Figure 3C as a function of 
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applied potential. Interestingly, Tripkovic and Vegge postulated that the presence of O* on Pt(111) 

surface has important consequences for the ORR mechanism, because of the hydrophobic 

character of the O-covered surface, as opposed to the more hydrophilic OH-covered Pt(111).71 

Mavrikakis and coworkers have recently demonstrated the importance of using coverage-

cognizant MKM for accurately reproducing ORR onset potentials for graphene-based single-atom 

catalysts.72 In their case, purely thermodynamic models underestimate the onset potential of more 

oxophilic metals, such as Cr, Fe, Mn, and Ru, while overestimating the onset potential of Pt, Pd, 

Au, Ni, and Cu (Figure 3D). 

Given the importance of including a proper description of the activation energy barriers of 

electrochemical steps for the correct reproduction of electrochemical features, it is interesting to 

comment on the competition between electrochemical and thermal barriers in the context of the 

ORR, the subject of a recent study by Guo et al.73 In particular, the authors constructed a reaction 

phase diagram (RPD), a collective description of complete reaction pathways including reaction 

energies and activation energy barriers as a function of O* binding energy. On the basis of MKM 

and DFT calculations, they proposed a composite reaction mechanism for the ORR, consisting of 

a combination of electrochemical and purely thermal steps (Figure 4A-B). Surprisingly, the 

commonly known associative ORR reaction mechanism (Scheme 2) seems to be valid only for 

very weakly binding surfaces, while for all the other surfaces, at least one of the hydrogenation 

steps occurs through a thermal hydrogen transfer, rather than a PCET step.

Figure 4 (A) Reaction mechanisms for the ORR in acidic environment, considering a combination of 

electrochemical (dashed arrows) and pure thermochemical (solid arrows) steps. Phase I-IV represent 
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different electrocatalysts conditions, in increasing order of binding energy of O* (see Panel B). (B) Activity 

trend for different electrocatalysts for ORR at 0.2V, obtained from a DFT-derived “reaction phase diagram” 

(RPD) as a function of O* binding energy. Panels (A) and (B) are reprinted with permission from ref 73. 

Copyright 2020 American Chemical Society.

The studies mentioned so far mostly address the ORR in acidic environments. Studies reporting 

mechanistic insights on the ORR in alkaline environments, through the use of kinetic modeling 

and explicitly taking into account PCET barriers, are very limited. As mentioned earlier, the main 

approach utilized for taking into account the effect of pH is to shift the energy of H+ by kT ln10×pH, 

and in the case of alkaline environments, considering appropriate reaction steps where H2O acts 

as the proton donor. This means that without taking into account the detailed nature of the active 

sites in alkaline environments, by considering the combined effect of applied potential and pH on 

the surface coverage, the only difference between thermodynamic or kinetic models in alkaline 

and acidic environments is a simple shift of the limiting potential, i.e. the maximum potential 

obtainable from the reduction reaction. 

Kinetic Role of Single and Multi-Electron Processes in Alkaline Environments. 

Understanding the mechanism of proton-electron transfer steps and their role in the kinetics of the 

ORR in alkaline environments, i.e., under extremely low concentrations of H+, is a question of 

fundamental importance. The theory of proton-electron transfer steps will be reviewed in Section 

9.5. Here, we review the kinetic involvement of these steps in the ORR, in alkaline environments.
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Figure 5. (A) Reaction counts with respect to applied potential from KMC simulations of the ORR on 

Pt(111) in 0.1 M KOH at room temperature. Solid and dashed lines represent potential-dependent and 

potential-independent steps, respectively. The ** superscripts indicate reaction intermediates adsorbed on 

the surface and occupying two vacant sites. (B) Reaction counts with respect to potential from KMC 

simulation of the ORR on Ag(111) in 0.1 M KOH at room temperature. (C) Reaction scheme for the first 

three steps of the H2O-assisted mechanism of ORR, in alkaline environment. (D) DFT-derived Pourbaix 

phase diagram for Au(100), exploring different O* and OH* coverages. For conditions relevant to the ORR 

in alkaline environment the 1/8 ML OH* phase is the most stable. (E) Activity volcano for the overall ORR 

in alkaline environment at 0.9 V vs RHE at varying fields. (F) Activity volcano for the 2e- pathway of ORR 

in alkaline environment at 0.6 V vs RHE at varying fields. Panel (A) and (C) are reprinted and adapted with 

permission from ref 76. Copyright 2016 American Chemical Society. (B) is reprinted with permission from 

ref 74. Copyright 2018 Wiley. (D) is reprinted with permission from ref 77. Copyright 2019 American 

Chemical Society. Panels (E) and (F) are reprinted with permission from ref 78. Copyright 2020 American 

Chemical Society.

The critical role of water in the proton-electron transfer in alkaline environments has been 

highlighted in multiple studies74–76 and will be later discussed with experiments in Figures 3-5 of 

Section 4.1. The reaction scheme for the 4e- and 2e- ORR pathways, mediated by co-adsorbed 

water molecules is shown in Figure 3. Liu et al. used a combined DFT and Kinetic Monte Carlo 
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(KMC) approach to study the ORR mechanism on Pt(111) in alkaline environments.76 The 

methodology allows “counting” the occurrence of a given reaction step as a function of applied 

potential, similar to calculating the contribution of each electrochemical or thermal step to the 

overall reaction flux (see Figure 5A). The authors propose that under alkaline conditions the 

reaction follows mainly the 4e- associative pathway, and that the *H2O-assisted pathway dominates 

(Figure 3C). The 2e- pathway is only active at a potential lower than 0.4 vs. RHE. Similar to the 

work of Guo et al. in acidic environment,73 the authors claim that the ORR mechanism in alkaline 

media involves mostly potential-independent surface reactions and that water co-adsorbed on the 

surface acts as the real O2* and O* reducing agent. It is interesting to compare these results with 

those obtained for the ORR on Ag(111) (a more weakly-binding metal with respect Pt(111)), using 

the same DFT-KMC methodology.74 The analysis of the “reaction counts” presented in Figure 5B 

suggests that the ORR on Ag(111) should also proceed via the 4e- pathway, although the 

contribution of the water-mediated pathway is less dominant, compared to Pt(111). Furthermore, 

while on Pt(111) the ORR proceeds mostly through potential-independent steps, on Ag(111) both 

the OH* dissolution (OH* + e-  OH-
(aq)) and OOH* dissociation (OOH* + e-  O* + OH-

(aq)) 

steps contribute to the current density.

The ORR on Au(100) in alkaline environments is an interesting case study, which exemplifies 

how the interplay between surface coverage, solvent, applied potential, and external electric fields 

is essential in determining the role of single and multiple electron transfer steps on the kinetics of 

the reaction. Au(100) is one of the most active electrocatalysts for the ORR in alkaline 

environments, albeit the 4e- reduction pathway occurs just over a limited potential region (0.6–0.9 

V vs. RHE).46,75 This particular behavior has not been completely understood so far, but the role 

of surface coverage and external electric fields has been explored further. 

Starting with DFT calculations, Duan and Henkelman have constructed the Pourbaix phase 

diagram of Au(100) under electrochemical conditions relevant to the ORR (Figure 5D).77 Their 

study highlights the importance of surface coverage for the accurate description of the active sites, 

responsible for the Au(100) activity towards the 4e- pathway. In particular, they demonstrate that 

two vicinal adsorbed OH* (total 1/8 ML coverage) present on the surface over the potential 

window between 0.61 and 0.81 V vs. RHE, at pH=13 enhance the activity of Au(100). A similar 

explanation was also proposed by Lu et al.75 By means of a combined experimental and theoretical 

Page 28 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



28

approach, they propose that co-adsorbed water molecules are able to stabilize OH*, hence 

catalyzing the 4e- pathway as opposed to the formation and desorption of OOH-
(aq).

Recently, Kelly et al. have used a combination of DFT calculations and MKM to rationalize the 

pH dependence of the ORR kinetics on Pt(111), Au(111), and Au(100).78 Differently from 

previous studies that simply modeled the effect of pH by adjusting the free energy of H+ (and 

consequently, of OH-), the effect of pH was considered by examining the effects of the electric 

field on the activity and selectivity of electrocatalyst models. The thermal and electrochemical 

reaction steps considered in this study are presented in Scheme 2. In agreement with most studies 

on Pt(111), the ORR in alkaline environment is limited by the OH* removal step (step vii in 

Scheme 2) and the reaction proceeds through the 4e- pathway. Instead, on Au(100), the identity of 

the rate limiting step strongly depends on the pH: in acidic conditions, both the 4e- and the 2e- 

pathway are limited by the formation of OOH* (step iv in Scheme 2). However, the effect of the 

electric field (hence, of the pH) is much more pronounced on Au(100) than on Pt(111) because it 

directly affects the weakly binding species. As the pH increases (and the external electric field 

becomes more negative) Au(100) binds OOH* more strongly and the formation of H2O2 (or OOH- 

(aq), Step ix in Scheme 2) becomes the rate-limiting step for the 2e- pathway, while the 4e- pathway 

is facile. The activity/selectivity dependence of different electrocatalysts on the pH (or electric 

field) is captured well by the modeled volcano plots presented in Figures 5E-F, for the 4e- and 2e- 

reaction pathways, respectively. 

The studies discussed so far in this section present important insights into the ORR in alkaline 

environments, albeit considering PCET steps as the only possible potential-dependent steps. 

However, different experimental studies suggest that the first step of the ORR in alkaline 

environment could actually be a single electron-transfer step leading to the formation of O2
- from 

O2 in solution. Schmickler and coworkers have recently discussed several mechanistic 

propositions for the ORR in alkaline environments on Au- and Ag-based catalysts.79–81 In 

particular, by performing a combination of DFT calculations and MD simulations based on a 

potential of mean force, the authors postulated that the ORR on Au(100) and Ag(100) should start 

with an outer-sphere electron transfer. Indeed, the negative binding energy of O2 on Au(100) and 

Ag(100) cannot compensate for the loss of solvation and, as a consequence, the first step for ORR 

occurs in the aqueous phase, rather than on the surface. As a result, they propose that the ORR in 
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alkaline environments on Au(100) and Ag(100) likely proceeds through the solution-mediated 

mechanism described in Scheme 2.

2.3. Theoretical Modeling of Proton-Coupled Electron Transfer (PCET) in Alkaline 

Solutions

2.3.1. Volmer Reaction in Alkaline Solution.

The most fundamental electrochemical proton-coupled electron transfer (PCET) reaction is the 

Volmer step of the hydrogen evolution reaction (HER), where a proton is transferred from a donor 

in solution to a metal electrode to accept an electron and form a covalent bond with a metal atom 

at the surface. This elementary reaction of proton discharge on the electrode surface has been 

studied extensively over the last few decades with a wide range of theoretical methods,85-102 but 

its fundamental mechanism is still the subject of debate. Due to the quantum mechanical character 

of the transferring proton and the presence of a continuum of delocalized electronic states in the 

metal electrode, the reaction can exhibit a wide range of behaviors from adiabatic to nonadiabatic, 

depending on the nature of the interactions near the surface of the electrode. The electrical double 

layer (EDL) formed at the interface between the electrode and the electrolyte solution increases 

the complexity of electrochemical processes and has a profound effect on the mechanisms of 

reactions involving charged species at the interface.

Most of the theoretical modeling has been focused on the Volmer reaction in acidic aqueous 

solution, where the proton donor is typically presumed to be a partially solvated hydronium ion 

(H3O+) in the form of a cationic water cluster, such as the Zundel (H5O2
+) or Eigen (H9O4

+) cation. 

However, few theoretical studies have examined the Volmer reaction in alkaline solution.92,102-109 

These particular studies include electronic structure calculations of the potential dependent 

activation energies using local reaction center models34,104,106,108-109 and various theoretical 

calculations based on model Hamiltonians and interfacial electron transfer theories.102-103,105,110 

The most notable feature of the HER in alkaline conditions is that it exhibits sluggish kinetics with 

almost two orders of magnitude reduction in activity, relative to acidic media.83 This phenomenon 

is still under active investigation and constitutes one of the unresolved puzzles in modern 

electrochemistry.105,107 In contrast to acidic solution, the proton donor for the Volmer reaction in 

basic solution is expected to be the neutral water molecule, H2O, which undergoes the cleavage of 

the very strong covalent H-OH bond to produce the hydroxide ion, OH‒, upon proton transfer to 

the metal electrode:
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 (Equation 1)2M H O e MH(ads) OH    

As a result, the elementary step involves a neutral reactant species and a negatively charged 

product species, and the Volmer reaction follows distinct pathways from those observed in acidic 

solution.

The mechanistic role of the hydroxide ion produced in this reaction, as well as the supporting 

electrolyte ions, have been discussed in the literature,25,34,111-115 although the detailed mechanism 

is still unknown. The recent experimental observation of the volcano-type relationship between 

the rate of the HER in alkaline solution and the hydroxide binding strength34 suggests that the 

hydroxide could play an important role in the mechanism. Moreover, DFT calculations34 have been 

interpreted as suggesting that the HER at surface sites that can strongly bind hydroxide, might 

follow an alternative mechanism involving the homolytic dissociation of H2O with a subsequent 

electrochemical reduction of the adsorbed hydroxide at the active site.34,114 An additional 

indication of the importance of hydroxide adsorption is the rate enhancement observed for the 

Volmer reaction in alkaline solution upon modification of Pt electrodes with Ni(OH)2, which is 

thought to play a catalytic role by enhancing the water dissociation step.114 This mechanism, 

involving water dissociation, followed by adsorption of the hydroxide, illustrates the 

bifunctionality of the modified electrode surface for the HER in alkaline solutions.105,112 More 

generally, the modification of electrode surfaces with transition metal oxides and oxide/metal 

nanocomposites has been shown to significantly enhance the HER in alkaline solutions.25,110,112,116-

118

Figure 6. Schematic illustration of the mechanism for the elementary act of the Volmer reaction on a gold 

surface in alkaline solution. The Au atoms are depicted with bronze spheres, and the oxygen and hydrogen 

atoms are depicted with red and gray spheres, respectively. Reprinted from ref 102. Copyright 2020 

American Chemistry Society.
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Hydroxide ions have also been found to coordinate to Au atoms on gold electrode surfaces even 

when the surface is negatively charged, at potentials more negative than the potential of zero 

charge (pzc).115 The magnitudes of the calculated dipole moments associated with the adsorbed 

hydroxide ion indicate that the hydroxide ions form highly polar bonds with the Au atoms when 

the surface is negatively charged.115 Recently, the mechanism illustrated in Figure 6 was proposed 

for the elementary step of the Volmer reaction at a gold electrode in alkaline solution.102 This 

mechanism involves a water dimer as the proton donor to enable the hydroxide ion to coordinate 

to the surface concurrently with proton transfer, as suggested by the experimentally observed 

adsorption of hydroxide at potentials negative of the pzc.115 In the proposed Grotthuss-like process, 

proton transfer to a Au atom on the electrode surface is accompanied by proton transfer between 

the two water molecules, and coordination of the resulting hydroxide anion to an adjacent Au atom. 

This PCET mechanism can be expressed as

 (Equation 2)2 22Au 2H O e AuH(ads) H O AuOH (ads)    L L

In a subsequent relatively fast step, the hydroxide is expected to desorb into the bulk solution 

because of electrostatic repulsion with the negatively charged surface. This desorption step does 

not impact the rate-limiting PCET step and thus will not influence the experimentally measured 

current densities or kinetic isotope effects (KIEs).

2.3.2 PCET Theory for the Volmer Reaction

Regardless of the specific mechanism, the rate constant for the Volmer reaction in alkaline solution 

can be calculated using a general PCET theory in the diabatic vibronic representation.102,119-122 In 

this theory, the electrons and transferring proton(s) are treated quantum mechanically, and the 

PCET reaction is described in terms of nonradiative transitions between reactant and product 

diabatic electron-proton vibronic states. For the Volmer reaction, the reactant and product diabatic 

electronic states are depicted in Figure 7. In the reactant state, the proton is bonded to the conjugate 

base, and in the product states, the proton is bonded to the metal electrode, forming a two-electron 

covalent bond involving a hydrogen orbital and one of the occupied states from the quasi-

continuum of delocalized states in the metal electrode. Each diabatic reactant and product 

electronic state is associated with a set of proton vibrational states, and the reactant and product 

vibronic states correspond to the direct products of these electronic and proton vibrational states. 

The couplings between the reactant and product vibronic states defined above are very small due 
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to the delocalized nature of the quasi-free electronic states in the electrode, thus allowing the use 

of the Landau-Zener approximation for the transition probabilities. The overall PCET rate constant 

as a function of the distance of the proton donor to the electrode surface and the applied potential 

is then computed as the weighted sum of transition probabilities over all pairs of reactant and 

product electron-proton vibronic states.102

Figure 7. Schematic depiction of the reactant and product diabatic valence bond electronic states for the 

Volmer reaction, where a proton is transferred from a solvated acid, AH, to the gold surface to form a Au-

H covalent bond and the conjugate base A. The dotted arcs denote a singlet two-electron chemical bond. 

Figure adapted from Figure 1 in ref 100. Copyright 2019 American Chemical Society.

The expression for the total PCET rate constant is

 (Equation 3)   2= ( ) ( ) , dk E w W E   


     




 h

where  is the equilibrium population of the reactant vibronic state ,  is the analog w  ( ) ò

of the transmission factor that accounts for unreactive trajectories,

 (Equation 4)   2

B B

( )1, = exp
4 4

G E
W E

k T k T




   


  

    
 
 
 

is the potential-dependent Marcus exponential describing the equilibrium probability of 

sampling the top of the barrier along the collective reaction coordinate,  is the potential-( )G E

dependent reaction free energy referenced to the Fermi energy of the electrode, and  is the 
solvent reorganizational energy. The key quantity characterizing the strength of the interaction 

between the reactant vibronic states and the manifold of product vibronic states is the so-called 

cumulative weighted densities of states (CWDOS), which are represented by the density of 
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occupied electronic states in the metal weighted by the squares of the individual vibronic 

couplings:

 (Equation 5)
2

( ) = ( ) ( )S f   


       

Here  are the overlap integrals between the reactant and product proton vibrational wave S

functions,  are the energies of the reactant proton vibrational states,  is the Fermi  ( )f ò

distribution function, and  is the electronic broadening (i.e., chemisorption) function, which ( ) ò

depends on the squares of the electronic couplings.91

This PCET rate constant expression is valid in both the adiabatic and nonadiabatic limits as 

well as the intermediate regime. The degree of adiabaticity is determined by the CWDOS, which 

is an intensive property of the system and depends on physical characteristics such as the distance 

between the proton donor and the electrode surface, the structure of the surface, and the electronic 

interactions between the proton donor and the metal electrode. Moreover, in the wide band 

approximation for the metal, it can be related to a coupling strength parameter, , that is associated 0V

with the nonadiabatic (i.e., golden rule) and adiabatic (i.e., transition state theory) limits of the rate 

constant expression for small and large values, respectively. Plots of the dependence of the PCET 

rate constant as a function of  for model systems illustrate that this rate constant expression 0V

smoothly bridges the nonadiabatic and adiabatic limits.102 To account for solvent dynamical 

effects,123-125 an interpolation scheme has been used to extend this theoretical formulation to the 

solvent-controlled regime, where the reaction is controlled by the timescale of the solvent 

dynamics.101-102 

2.3.3. Current Densities and Kinetic Isotope Effects for the Volmer Reaction 

The PCET theory outlined above has been applied to the Volmer reaction at a gold electrode in 

alkaline solution. The gold electrode states were modeled as a wide rectangular band extending 

over the Fermi energy representing the sp-band of bulk gold, and the proton donor was assumed 

to be a water dimer as depicted in Figure 6. The effects of the EDL were included using a multilayer 

dielectric continuum model used previously to describe a specific Volmer reaction in acetonitrile.99 

The linear drop of the electrostatic potential in the inner-Helmholtz layer as a function of the 

electrode potential was included in the calculation of the reaction free energy term in the rate 
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constant expression. For this application, the electrostatic work term for the reactant state was 

assumed to be independent of the electrode potential because the water acting as the proton donor 

is neutral, whereas the work term for the product state depends on the electrode potential because 

the hydroxide is anionic. The rate constants were computed for a series of distances, R, between 

the proton donor and the electrode surface in both H2O and D2O. The corresponding current 

densities were computed by integrating the rate constant over all distances R, weighting each rate 

constant by the local proton donor concentration at R. 

The apparent KIE was defined as the ratio of the current density  for 0.1 M OH– in H2O H ( )j E

to the current density  for 0.1 M OD– in D2O at the same electrode potential E:D ( )j E

 (Equation 6)
H

D

( )KIE( ) =
( )

j EE
j E

The results from these calculations were compared to the recent experimental measurements 

performed by Sakaushi126-127 in alkaline purified solvents H2O and D2O, although the definition 

given in Eq. 6 differs from the one used in the experimental work. Specifically, the definition in 

Eq. 6 compares current densities at the same absolute electrode potential rather than the same 

overpotential, requiring a conversion from the overpotentials measured experimentally relative to 

RHE or (reversible deuterium electrode) RDeE to the electrode potential relative to standard 

hydrogen electrode (SHE). In addition, the H and D current densities were compared directly 

without adjusting for the difference in pH or pD because the proton donor was assumed to be pure 

H2O or D2O.

Figure 8. Experimentally measured126 KIEs (solid black line) and KIEs calculated100 using Eq. (3) (blue 

circles), and using an interpolation between the Landau-Zener regime and the solvent-controlled regime 
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(red triangles) as functions of the electrode potential. Figure adapted from Figure 1 in ref 100. Copyright 

2019 American Chemical Society.

A comparison between the calculated and experimental KIEs is given in Figure 8. The 

calculated potential-dependent KIE is in qualitative agreement with the experimentally measured 

increase in the KIE from 66 to 98 over this electrode potential range. Related to this behavior, 

linear fits of the current densities for H2O and D2O plotted as a function of the electrode potential 

led to isotope-dependent apparent transfer coefficients. Specifically, the calculated apparent 

transfer coefficients for H2O and D2O were 0.59 and 0.57, respectively, compared to the 

experimental values of 0.56 and 0.50, respectively. Analysis of the vibronic state-to-state 

contributions to the PCET rate constant indicated that the different transfer coefficients for H and 

D are due to greater contributions from excited reactant proton vibrational states for D2O compared 

to H2O and also for less negative (i.e., less cathodic) potentials. 

This model study highlights the importance of treating the transferring hydrogen nucleus 

quantum mechanically for a meaningful description of the Volmer reaction in alkaline solution. 

The relatively large observed KIEs and lower currents are indicative of hydrogen tunneling and 

vibrational nonadiabaticity, which are described by the PCET theory discussed above. The 

potential-dependent KIE, or isotope-dependent transfer coefficients, can be explained in terms of 

contributions from excited reactant proton vibrational states. Similar qualitative behavior of the 

KIEs was observed both experimentally and theoretically for the Volmer reaction from 

triethylammonium acid to a gold electrode in acetonitrile.99 For the Volmer reaction in alkaline 

solution, solvent dynamics were found to be important at shorter tunneling distances, but such 

distances did not contribute significantly to the total current densities, and therefore solvent 

dynamics exerted a negligible effect on the KIEs (Figure 8). 

A remaining challenge in this field is to use first-principles computational methods describing 

the electrochemical interface with explicit solvent and ions to calculate the input quantities to the 

analytical PCET rate constant expression. This approach would provide atomic-level insights into 

the factors influencing the magnitude of the current densities of the Volmer reaction in alkaline 

solution.

2.4 Summary
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In Section 2, we have described successes and limitations associated with using simple DFT-

derived descriptors for elucidating the catalytic activity of metal electrodes for the HOR and the 

ORR. We have examined the consequences of including activation energy barriers when 

characterizing the PCET steps of the ORR and the HOR, as opposed to using purely 

thermodynamic approaches. For the HOR, while simple DFT-descriptors such as the hydrogen 

binding energy can be used to rationalize catalytic trends in an acidic environment, the explicit 

inclusion of activation energy barriers and their incorporation in MKMs is critical for developing 

mechanistic understanding in an alkaline environment. The increasing activation energy barriers 

characterizing the Volmer step can be responsible for the slower kinetics of the HOR in alkaline 

conditions. Similarly, in the case of the ORR in an alkaline environment, purely thermodynamic 

approaches present several limitations, but are useful for an initial fast catalyst screening. 

Quantitative agreement between experimental and predicted activity is often lacking, including the 

case of Au(100), a weakly binding metal. In this case, the latest advanced theoretical methods, 

explicitly taking into account the effect of charge and external electric fields, are required to 

rationalize the ORR activity of Au electrodes. Given these latest developments, future mechanistic 

studies of electrochemical systems will take advantage of more accurate methods and improved 

models, where the complex interplay between charge, external electric fields, surface coverage, 

and solvent dynamics will be integrated in the formulation of mean-field MKMs or KMC methods.   

     In the last part of this section, we have described a PCET theory that treats the electrons and 

transferring protons quantum mechanically and includes the effects of excited electron-proton 

vibronic states. The PCET rate constant derived within this theoretical framework is valid in the 

adiabatic and nonadiabatic limits, as well as in the intermediate regime. The application of this 

theory to the Volmer reaction at a gold electrode in alkaline solution explains the experimental 

observation of relatively large, potential-dependent KIEs in terms of hydrogen tunneling, 

vibrational nonadiabaticity, and contributions from excited proton vibrational states. The 

combination of this PCET theory with the DFT methods, described in the first part of this section 

for computing the input quantities to the rate constant expression, enables the investigation of a 

wide range of electrochemical reactions.

3. HOR ELECTROCATALYSIS IN ALKALINE MEDIA

3.1. HOR Mechanisms
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The activities of the HOR and its reverse, HER, of Pt in alkaline media is over two orders of 

magnitude lower than in acid.22,83 In this part, we illustrate the HOR/HER mechanisms and 

possible origins for the sluggish kinetics in alkaline media. As shown in Scheme 1, four possible 

HOR reaction mechanisms have been proposed regarding the rate-determining step (RDS): 

Tafel(RDS)-Volmer, Tafel-Volmer(RDS), Heyrovsky(RDS)-Volmer and Heyrovsky-

Volmer(RDS).

3.1.1. HOR/HER Reaction Pathways (Tafel-Heyrovsky-Volmer Steps)

Though the HOR reaction pathways indeed seem relatively simple as they involve only one 

intermediate species, Had, tremendous efforts have been devoted to investigating the HOR 

kinetics.128,129 Marković et al. pioneered the structure sensitivity of the HOR on Pt single crystals 

in acid and found that the HOR activity varied in the following order: Pt(111) < Pt(100) < 

Pt(110).130 The Tafel slopes were used to deduce the RDS in the reaction. A Tafel slope of 28 

mV/dec suggested that the HOR on Pt(110) might proceed via a Tafel-Volmer mechanism with 

the Tafel step as the RDS, while a Tafel slope changing from 37 mV/dec to 112 mV/dec, under 

increasing overpotentials, indicated a Heyrovsky(RDS)-Volmer mechanism on Pt(100) (Figure 

9A). However, the HOR mechanism on Pt(111) was complicated by an intermediate Tafel slope 

of 74 mV/dec, which suggests that the determination of HOR mechanisms cannot be solely based 

on an analysis of Tafel slopes.131 In fact, the Tafel slope of ~30 mV/dec for the very fast HOR at 

Pt in acid, suggests that the reaction might be mainly controlled by mass transport instead of 

kinetics.132 To deconvolve kinetics from mass transport, Chen and Kucernak employed a Pt 

ultramicroelectrodes (UME) to study the HOR kinetics in acid and observed two current plateaus 

in the HOR polarization profiles (Figure 9B).133 They observed the anomalous presence of the first 

plateau, which they attributed to the limiting rate of the Tafel step. Based on fit results, the 

Tafel(RDS)-Volmer step was proposed to govern the HOR process. However, their fitting showed 

a noticeable deviation from the experimental values at high overpotentials. To solve this 

discrepancy, Adzic et al. proposed a dual-pathway mechanism model, where the Tafel(RDS)-

Volmer step dominates at low overpotentials (η < 50 mV) while the Heyrovsky(RDS)-Volmer step 

takes over at overpotentials higher than 50 mV (Figure 9B).134 Although the fittings matched the 

experimental results, over the entire overpotential region, the HOR kinetics information from the 

UME may be influenced by sulfate adsorption or other contaminants.129 The HOR activity in acid 

could be sufficiently high such that RDE may not be able to provide fast mass transport to reveal 
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intrinsic electrochemical kinetics.132,135-138 Scanning electrochemical microscopy (SECM),135 H2 

pump method136,132 and floating vacuum carbon approach have been explored for more in-depth 

analysis.138 In comparison, the much slower HOR in alkaline media makes it feasible to reliably 

study the reaction kinetics with conventional RDE.

Figure 9. HOR/HER mechanistic and kinetic studies in acid and base. (A) HOR Tafel plot on Pt(111), 

Pt(100) and Pt(110) surfaces in 0.05 M H2SO4 at 274 K. Inset shows the polarization curves for HOR/HER 

at low overpotentials at 900 rpm and 10 mV/s. From Tafel slope, HOR on Pt(110) proceeds through Tafel-

Volmer step while Heyrovsky-Volmer step dictates HOR on Pt(100). (B) HOR polarization curves at 5 

mV/s obtained at ultramicroelectrode with different radii (12500, 1100, 450, 310 and 36 nm) and fitted by 

assuming a dual pathway mechanism (Tafel-Volmer at η < 50 mV and Heyrovsky-Volmer at η > 50 mV). 

(C) HOR/HER polarization plots on Pt(100), Pt(111) and Pt(110) surfaces in 0.1 M KOH at 3600 rpm, 20 

mV/s. Tafel-Volmer is assumed to be the reaction pathway. (D) Evolution of HOR/HER Tafel plot on 

polycrystalline Pt with different applied H2 pressure in 0.1 M NaOH, 20 mV/s. Solid dots are measured 

values while line profiles are fitted from Butler-Volmer equation. Inset indicates that the exchange current 

density is 1/2-order with respect to H2 pressure. Tafel-Volmer is considered as HOR/HER reaction 

sequence based on transfer coefficients (αa + αc = 1). (E) Charge transfer resistance and capacitance of 

hydrogen underpotential deposition on polycrystalline Pt measured by electrochemical impedance 

spectroscopy in 0.1 M NaOH at 313 K. Linear extrapolation of charge transfer resistance to η = 0 mV results 
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in Rct = 11 Ωcm2
Pt (i0,UPD = 2.4 mA/cm2

Pt), close to the experimentally measured HOR exchange current 

density (i0,HOR = 1.8 mA/cm2
Pt), suggesting that the HOR kinetics is limited by the Volmer reaction 

(Tafel/Heyrovsky-Volmer). (F) Comparison of HOR/HER exchange current densities on Pt/C, Ir/C and 

Pd/C in both acid (pH = 0, H2 pump method) and base (pH = 13, RDE method) at 313 K. The HOR/HER 

kinetics in alkaline media are about 2 orders of magnitude slower than in acid. (A) is reprinted with 

permission from ref 130. Copyright 1997 American Chemistry Society. (B) is reprinted with permission 

from ref 134. Copyright 2006 The Electrochemical Society. (C) is reprinted with permission from ref 139. 

Copyright 1996 Royal Society of Chemistry. (D) is reprinted with permission from ref 140. Copyright 2014 

The Electrochemical Society. (E) is reprinted with permission from ref 129. Copyright 2014 The 

Electrochemical Society. (F) is reprinted with permission from ref 22. Copyright 2014 Royal Society of 

Chemistry.

The HOR on Pt single crystals in alkaline solution was first reported by the Marković group,139 

which showed the following activity order: Pt(111) ≈ Pt(100) << Pt(110) (Figure 9C). A 

Tafel(RDS)-Volmer sequence was proposed as the reaction mechanism in alkaline media based 

on the underpotential of deposited H (Hupd) and OHad isotherms on Pt(111) and Pt(100), 

respectively, in which the Hupd and OHad could compete for adsorption sites. A linear relationship 

with a slope of 2 was observed in the plot of kinetically-control current (logik) vs. adsorption sites 

(log(1-θHupd) or log(1-θOHad)), suggesting an ideal dual-site interaction model that follows the 

Tafel(RDS)-Volmer reaction mechanism. Nevertheless, the distinction and/or interaction between 

Hupd and Had (from the dissociation of H2) remains unresolved,128 hence the analysis of the HOR 

mechanism solely based on isotherms may not be reliable. A detailed analysis of the effects of Hupd 

and OHad on the HOR kinetics can be found in the book chapter by Marković and coworkers.128 

In contrast to room temperature, the activity difference between Pt(110) and Pt(111) decreased to 

less than a factor of two at elevated temperature (333 K), ascribed to the two-times higher 

activation energy barrier on Pt(111), relative to Pt(110).82

Herranz et al. investigated the HOR/HER kinetics as a function of H2 pressure in 0.1 M NaOH 

on polycrystalline Pt electrode and found that the reaction rate had a half-order dependence on H2 

pressure (Figure 9D).140 They proposed that only the Tafel-Volmer reaction mechanism could 

account for the observed transfer coefficients, and the Volmer or Heyrovsky step as the RDS could 

yield kinetic expressions similar to the Butler-Volmer equation.141 However, the 1/2 order 

dependence on H2 pressure could not be obtained from the microkinetic analysis based on the 
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proposed Tafel-Volmer(RDS) mechanism. The Volmer step, as the RDS in alkaline media, was 

further reinforced by an electrochemical impedance spectroscopy (EIS) study.129 Contrary to the 

earlier idea that Hupd and Had are different in nature,142 Durst et al. claimed that Hupd and Had are 

indistinguishable, and the Hupd process is, therefore, actually equivalent to the Volmer step.146,129 

Hence, it is possible to use the charge transfer resistance, Rct, measured from the EIS, in 

combination with linearized Butler-Volmer equation (applicable at small η) to extract the exchange 

current density, i0, for the Volmer step. In 0.1 M KOH, the calculated i0 = 2.4 mA/cm2 (Rct = 11 

Ωcm2) at 313 K was close to i0 (1.8 mA/cm2) determined by the HOR polarization profiles (Figure 

9E). This indicates that the Volmer step could be the RDS for the HOR in alkaline media, leading 

to the suggested HOR mechanism of Tafel-Volmer(RDS) or Heyrovsky-Volmer(RDS). The i0 of 

the Volmer step in acid was estimated from EIS to be (850-500 mA/cm2 at 293K), which is of the 

same order of magnitude to the i0 of the HOR/HER measured by the H2 pump method (200 mA/cm2 

at 313K).143,144 This finding suggested that the Volmer step could play a role in the HOR kinetics 

in acid, although a more precise determination of the Volmer step would be necessary to address 

this question.. 

In summary, these early studies have, thus far, pointed to the H2 adsorption step on Pt (Tafel or 

Heyrovsky step) as the possible RDS in acidic media, although it is still unclear how much the 

Volmer step contributes to the overall reaction. The details of the Volmer contribution may depend 

on the orientation of the Pt crystal, which can be further convoluted by transport. These early 

studies also suggest the Volmer step as the RDS behind the HOR/HER in alkaline media.

3.1.2 Slowness of the HOR Kinetics in Alkaline Media

The slowness of the HOR in alkaline media has been well-known since the early HOR studies.145 

However, the activity gap between acid and base has been largely underestimated since the 

traditional RDE method severely underestimated the exchange current density (i0) of Pt in acid.146 

With the highly improved mass transport of the H2 pump method,132 the kinetic difference between 

acid (pH = 0) and base (pH = 13) was reported to be about two orders of magnitude on Pt/C (Figure 

9F).146 A similar decrease in the HOR activity with pH was also observed for Ir/C and Pd/C. At 

293 K, the i0 of Pt/C is ~60 mA/cm2 at pH =0 while it is only ~0.6 mA/cm2 at pH = 13.129 The 

sluggish kinetics are also evident from the higher activation energies, from the Arrhenius plot, in 

base (30 kJ/mol), and in acid (20 kJ/mol).
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Initially, Osetrova and Bagotzky attributed the sluggish kinetics in alkaline solutions to a 

different reaction mechanism, in which H2
+ was proposed to be the active intermediate instead of 

Had.145 Later, Marković et al. ascribed the pH-dependent HOR kinetics to the pH-dependent 

adsorption of OHad in the Hupd region, where OHad may behave as an inhibitor.82 However, the pH-

dependent HOR kinetics, even at potentials as low as in the reversible hydrogen region, indicated 

that the effect of OHad on HOR kinetics is likely not the major contributor. Since the Volmer step 

is believed to be the RDS for the HOR/HER in alkaline media, the dramatic kinetic diminution 

from acid to base can be attributed to the escalated energy barrier with pH in the Volmer reaction.33 

The sluggish HOR in alkaline media has been recently proposed to be related to the stronger H-

binding energy21 or more rigid interfacial water structure, due to a significant negative shift in the 

potential of zero free charge (pzfc), relative to acidic media.26 In addition, the effect of OHad 

coadsorption has been proposed.25 We now expand the discussion on these phenomena.

3.1.3. Hydrogen Binding Energy Effects

The H-binding energy (HBE) effect originates from the well-known volcano plot in acid 

media,147,20 in which the H-binding should be neither too strong nor too weak in order to achieve 

the highest HOR/HER activity, also known as the Sabatier principle.141 According to the volcano 

plot, Pt resides close to the peak point and, hence, yields the highest HOR/HER activity among all 

monometallic electrocatalysts. Thus, it has been speculated that the stronger HBE may lead to a 

sluggish HOR kinetics in alkaline media if the same hypothesis is still valid in alkaline media.21 

Yan et al. examined the HOR kinetics at a polycrystalline Pt electrode in various buffered solutions 

(pH = 0.2 – 12.8),23 and ascribed the observed pH-dependent kinetics to the HBE effects. As shown 

in Figure 10A, the Hupd peaks from Pt(110) and Pt(100) progressively shifted to higher potentials 

as the pH increased, which was proposed to correlate to the increasing HBE. Consequently, the 

HBE was calculated to be 10 meV/pH for Pt(110) and 8 meV/pH for Pt(100). The HOR activity 

showed a linear decay as the HBE increased, suggesting that the HBE could be an effective 

descriptor for the pH-dependent HOR kinetics on Pt. Furthermore, the same group extended this 

concept to other precious metal-based electrocatalysts, including Ir/C, Pd/C and Rh/C (Figure 

10B).148 Based on the correlation of i0 to more positive Hupd peak potentials (i.e. higher HBE 

values), they proposed that the HBE is a dominant descriptor for the HOR kinetics. However, those 

two studies require further investigation of the effects of adsorbing anions (acetate, phosphate and 

carbonate) and the steps and defects of poly-Pt on the HOR kinetics. 
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Figure 10. Hydrogen-binding theory as a possible descriptor for the sluggish HOR kinetics in alkaline 

media. (A) Evolution of CV profiles on a polycrystalline Pt electrode with buffered solutions (pH: 0.2 – 

12.8), 50 mV/s. Hupd peaks of Pt(110) and Pt(100) facets shift to higher potentials with increasing pHs. (B) 

Correlation of HOR/HER exchange current densities vs. the lowest Hupd peak positions determined from 

CVs on Pt/C, Ir/C, Pd/C and Rh/C. The dashed gray trendline indicates that the HOR/HER kinetics diminish 

with an increase in the Hupd peak positions. The peak position is assumed to be correlated with the hydrogen-

binding energy. (C) Effect of water adsorption on hydrogen-binding under different pH by quantum 

mechanics molecular dynamics simulations. At high pH, water adsorption is weakened because of water 

repulsion, leading to observed stronger H-binding. (D) Effects of pH and cation identities on the potential 

shifts of step-related voltammetric peaks, which are related to the replacement of adsorbed H by OH. The 

positive shifts of peak potentials indicate that alkali cations weakening OH adsorption on the step sites is 

the main cause. (A) is reprinted with permission from ref 23. Copyright 2015 Springer Nature. (B) is 

reprinted with permission from ref 148. Copyright 2016 American Association for the Advancement of 

Science. (C) is reprinted with permission from ref 151. Copyright 2018 American Chemistry Society. (D) 

is reprinted with permission from ref 113. Copyright 2017 Wiley-VCH.
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The HBE framework that was proposed to be responsible for the slowness of the HOR kinetics 

of Pt in alkaline media predicted that Au should have enhanced HOR/HER reactivity in alkaline, 

which goes in the opposite direction as Pt.30 However, it was found that the HOR/HER kinetics of 

Au were slower in alkaline media.149 This observation, along with why the HBE is strengthened 

at higher pH, given that it represents an intrinsic thermodynamic descriptor, has driven further 

investigations into the role of the interfacial environment. Recently, a modified HBE effect was 

proposed by taking account of both the intrinsic HBE and water adsorption on the electrode surface, 

suggesting that the pH-dependent HBE, derived from the Hupd peaks, should be referred to as 

apparent HBE (HBEapp).150 Specifically, given that H2Oad and Hupd are competing for adsorption 

sites, the weakened water adsorption at higher pH would give rise to a stronger observed H-binding 

to the electrode surface, suggesting that the HBEapp should be used as a more appropriate descriptor 

for the HOR/HER kinetics. This hypothesis was further confirmed by a quantum mechanical 

molecular dynamics (QMMD) simulation by Goddard, which considered the adsorption of H and 

H2O on a Pt(100) surface.151 At higher pH, water tends to be repelled from the electrode surface 

at a low potentials vs. SHE, resulting in a reinforced H-binding (Figure 10C). This study predicted 

an increase in the HBE value by 10 meV/pH, consistent with the experimentally measured 8-12 

meV/pH.23 Recently, the HBEapp theory was adopted to rationalize the improved HER kinetics of 

Pd@Pt and PdH@Pt nanocrystals relative to Pt.152 

Recently, the adsorption of cation and hydroxyl species has been proposed as an alternative to 

the HBEapp model. Koper et al. proposed that the peaks in the so-called Hupd region in Pt(110) and 

Pt(100) arise from the displacement of the Hupd by OHad instead of the direct oxidation of the 

Hupd.153 These claims were supported by two anomalies on well-defined Pt(110) and Pt(100) 

surfaces: a shift of the Hupd peak by 50 mV/pH instead of 60 mV/pH; and that a well-defined OHad 

counterpart is missing in the hydrogen region, when compared to Pt(111). The sharp features of 

those voltammetric peaks indicate stronger attractive lateral interactions between Had and OHad.153 

To explain the unusual pH dependence, they proposed that the replacement reaction proceeds via 

the following reaction:

Hupd + xH2O ↔ xOHδ+
ad + [x+1]H+ + [(1+ δ)x + 1]e- (Equation 7)

Here, δ is known as the electrosorption valency while x is the ratio between the stoichiometric 

numbers of OHad and Hupd. This mechanism implies that the Hupd on step does not have full 

coverage and that the reaction involves more than one proton per electron, which can account for 
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the observed non-Nernstian pH-dependence of 50 mV/pH. Furthermore, McCrum and Janik 

simulated the CV profiles on Pt basal planes with DFT calculations by taking into account cation 

and OH adsorption.104 Their results suggested that the more favorable adsorption of K+ can weaken 

the OH binding at higher pH, and that cations may play a role in the adsorption. Koper et al. then 

investigated the effects of adsorption of Li+, Na+, K+ and Cs+ on the pH-induced voltametric peak 

shift of stepped Pt surfaces (Figure 10D).113 Specifically, the step-like voltammetric peaks 

exhibited positive shifts at higher cationic concentrations and with larger cationic radii at the same 

pH. All the evidence pointed toward a situation in which the favorable adsorption of alkali cations 

near Pt steps weakened the OH adsorption on step sites, rendering a positive shift of step-like 

voltammetric peaks. 

As discussed before, it remains unclear whether the Hupd is equivalent to the Had intermediate 

in the HER/HOR. Conway et al. claimed that only the overpotentially deposited hydrogen (Hopd), 

formed near or below the reversible hydrogen potential region, could be regarded as the Had 

intermediate in the Volmer step, while the Hupd served as a spectator,142 competing for active sites 

or modifying the energy of the Had.128,154 However, their physical nature remains unknown,22,155 

as only the Hopd was distinguishable from spectroscopic measurements.156-159 Wang reported on an 

analysis of adsorption isotherms for two types of adsorbed H; H on atop sites (HAtop) and in 

hollow/bridge sites (HH/B), based on spectroscopic and electrochemical evidences.160 According to 

the results of DFT calculations, they proposed that the HAtop has a much lower energy barrier for 

the oxidative desorption than the HH/B, despite the site-insensitive dissociative adsorption (Tafel 

step), suggesting that the HAtop is likely the reaction intermediate for the HOR/HER. Although the 

majority of first-principles calculations overlooked the arrangement of adsorbed hydrogen,20,95,161 

recent studies on the configurations of the Had support that the calculation of the H-binding energy 

should be based on the HAtop.159,162,163 

In summary, the detailed nature of the hydrogen region of Pt is still an open question: whether 

the adsorption/desorption of Hupd occurs alone or with contributions from the replacement of the 

Hupd by OHad and the configuration of the adsorbed H. The correlation between the Hupd peak 

positions and the HBE has been proposed as an activity descriptor, albeit, with limitations. For 

example, in the case of Pt(111) without an observable Hupd peak shift at different pH values, a 

similar pH-dependent HOR/HER activity trend still exists. Those studies all suggest that the HBE 

is unlikely to be the sole descriptor for the HOR kinetics in alkaline media.
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3.1.4. Interfacial Water Structure 

Growing evidences are pointing towards the role of interfacial water in the HOR/HER kinetics in 

alkaline media.151,164,165 As will be discussed in detail in Section 4.1.5, the value of applied 

potentials, relative to the pzfc, dictates the water orientation and H-bonding water network on the 

electrode surface (Figure 17C). In acid, the interfacial water network is relatively loose with an 

oxygen-down orientation at the HOR/HER potentials, which are slightly more negative than the 

pzfc. However, the interfacial water structure in alkaline media is much more rigid with the 

hydrogen-down orientation, as the interfacial electric field is strengthened at the HOR/HER 

potentials since the H region shifts negatively in the SHE scale and is significantly below the pzfc 

(0.28 V vs. SHE for Pt(111)) in alkaline media.166 The charge transfer of OH- is hindered as it 

requires additional energy to break up the rigid water structure, which can help rationalize the pH-

dependent HER/HOR kinetics.26 In contrast to the conventional thermodynamic perspective based 

on the electronic or oxophilic effect, the interfacial water structure is rooted in its kinetic aspects, 

providing direct insights into the reaction kinetics.

Figure 11. Interfacial water structure as a possible descriptor for the sluggish HOR/HER kinetics in alkaline 

media. (A) Coluostatic potential temporal response induced by the laser-temperature jump method on 
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Pt(111) and Ni(OH)2-decorated Pt(111) in 0.1 M NaOH. (B) Thermal coefficients calculated from the 

slopes of the potential decays on Pt(111) electrodes and Ni(OH)2 modified electrodes by the laser jump 

method in solutions containing 0.05 M Na2CO3 + 0.05 M NaHCO3. The decrease in the thermal coefficient 

on Pt(111)/Ni(OH)2, compared to Pt(111), suggests a weakened interfacial electric field induced by a 

negative shift of the pzfc/pme (inset). (C) Surface-enhanced IR spectral evolution of Pt-Hatop vibration on a 

Pt polycrystalline film with applied potentials in 0.1 M HClO4 (pH = 1), Phosphate-buffered saline (pH = 

7) and NaOH (pH = 13). The decreasing wavenumber of the Pt-Hatop denotes a weakened adsorption energy 

with increasing pH values. (D) Proposed Scheme of Pt/C-catalyzed conversion of cis-2-butene-1,4-diol to 

n-butanol and 1,4-butanediol on the surface of an electrode as a protocol to probe the interfacial electric 

field (left). The measured interfacial potential drop (60 mV/ pH) shows an increasing electric field strength 

with pH, changing from acid to neutral media (right). (A) is reprinted with permission from ref 26. 

Copyright by the authors 2017 Springer Nature. (B) is reprinted with permission from ref 168. Copyright 

2019 American Chemistry Society. (C) is reprinted with permission from ref 159. Copyright 2015 

American Chemistry Society. (D) is reprinted with permission from ref 27. Copyright 2019 American 

Chemistry Society.

Koper et al. first proposed the change of interfacial water structure to explain the promoting 

effect of Ni(OH)2 modification of Pt(111) on the HER kinetics in alkaline media.26 The study was 

based on the shift of potential of maximum entropy (pme), at which the interfacial water is most 

disordered, which is closely related to the pzfc. As shown in Figure 11A, the potential transients 

of Pt(111) and Pt(111)/Ni(OH)2 at pH of 13 changed from negative to positive values at 0.700 V 

and 0.675 V, respectively, indicating a shift of the pme of -25 mV after Ni(OH)2 modification. 

Though the hydroxyl adsorption at pH of 13 may influence the shift in the pme values,167 the 

thermal coefficients (∂E/∂T) measured at pH of 10, with a smaller effect of OH adsorption, 

provided a compelling evidence to support the change of the pme after the introduction of Ni(OH)2 

(Figure 11B). Both Pt(111) and Pt(111)/Ni(OH)2 displayed a diminution of their thermal 

coefficients (absolute value) at more positive potentials, especially over the range of 0.55-0.75 V 

vs. RHE, denoting a weaker interfacial electric field at higher potentials. Consequently, the smaller 

thermal coefficients of Pt(111)/Ni(OH)2, relative to Pt(111), suggested a weakened electric field, 

as evidenced by a more negative pme. Based on the proposed model, Feliu and coworkers 

investigated the effects of Ni(OH)2 coverage. The positive pme at a higher coverage further 

supported the notion that Ni(OH)2 induced a more disordered water structure (Figure 11B inset).168 
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Apart from the Pt-Ni system, the validity of this concept awaits to be verified in other bimetallic 

systems, such as Pt-Ru alloys, often used as the hydrogen anode in AEMFCs.169 Although the 

interfacial water structure can rationalize the pH-dependent HER kinetics, additional studies are 

required to elucidate how the interfacial water interacts with alkali cations and other reaction 

intermediates during the HER and HOR in alkaline media. 

Besides the sluggish HER/HOR kinetics in alkaline media, the reaction kinetics of the Hupd 

processes experience similar trends from acid to base. Koper et al. found that the introduction of 

Ni(OH)2 also helps lower the energy barrier for hydrogen adsorption/desorption processes on 

Pt(111), as indicated by the Rct measured by the EIS, suggesting that the interfacial water structure 

also affects the reaction rates of the Hupd.26 As discussed in Section 3.1.3, the thermodynamic or 

kinetic information obtained from Hupd may not be directly translated to the Hopd or Had. On the 

other hand, it may not be necessary to distinguish Hupd from Hopd since both HER/HOR and Hupd 

processes are subject to the same restriction of interfacial water rigidity. Therefore, it is reasonable 

and valid to extract the information of interfacial water just from the study of the Hupd region to 

understand the HER/HOR kinetics. Recently, Yan et al. employed surface enhanced infrared 

absorption spectroscopy (SEIRAS) to study the pH dependence of the Hupd peak shifts and ascribed 

them to the interference of interfacial water,170 rather than to the coadsorption of alkali metal 

cations, as proposed by Koper.113 The SEIRAS study by Shao et al. indicated both weakened 

interfacial water and hydrogen adsorption as the pH increased.159 As presented in Figure 11C, the 

H-band was assigned to the interactions between Pt and H adsorbed on top of Pt atoms (Hatop), 

which was proposed as the reaction intermediate for HER and HOR, rather than H with multiple 

Pt coordinations (Hmultiple), such as 4-fold sites on Pt(100) and 3-fold sites on Pt(111). At higher 

pH values, the band of Pt-Hatop shifted to lower wave numbers, indicating a weakened H-binding. 

This weakening is in contrast to the HBE theory,150,171 which indicates that the hydrogen 

adsorption on Pt depends on multiple interfacial factors.160,162 The much higher stark tuning rate 

in alkaline media than in acid suggested different degrees of polarization in the two environments, 

implying that a pH-dependent interaction of the Hatop with the interfacial water structure.172,173 

Tang et al. reported a kinetic H/D isotope effect (KIE) of up to 3.4 for the HOR on Pt(111) in base, 

indicating a strong effect of the interfacial water structure in alkaline media.172 This observation 

requires further study to elucidate the elemental step(s) of the HOR in alkaline media to break 

down the contributions to the observed KIE. 
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Since the interfacial water structure varies with the interfacial electric field, measurements of 

interfacial electric fields represent an important step toward understanding the HOR. Recently, 

Surendranath et al. probed the changing interfacial electric field based on a pH-sensitive H2 

addition reaction.27 As shown in Figure 11D, the conversion of the probe molecule to 1,4-

butanediol is preferred at low field, when the local H+ concentration near the electrode surface is 

lower than the bulk concentration, while the formation of n-butanol dominates at high field. Based 

on the product selectivity, the calculated interfacial potential drops by 60 mV per pH. Nevertheless, 

since the investigated pH ranges from acid to neutral media (pH = 2–7), extrapolation of the trend 

to alkaline media needs further investigation. Additionally, the potential adsorption of organic 

molecules or products and their effects on the interfacial electric fields remain unknown, which 

may undermine the interpretation of the calculated potential drops. Non-linear spectroscopic 

methods such as second harmonic generation (SHG),174 could offer an alternative tool to probe the 

interfacial electric field without using additional chemical agents. 

3.1.5. Other Activity Descriptors for the HOR in Alkaline Media

We will briefly discuss other hypotheses beyond what was discussed above.175,176 Chen et al. used 

a microscopic Hamiltonian model to encompass electronic interactions, bond breaking, solvent 

reorganization, and double-layer electrostatic effects and ascribed the large activation energy of 

the Volmer step to the large work term for moving OH- to the negatively charged electrode 

surface.107 Chan et al. examined the role of H-binding, proton donor, and water reorganization on 

the pH effects on the HOR/HER with first-principles DFT calculations, and found that the water 

reorganization energy was too small to account for the much slower HER/HOR kinetics in alkaline 

media.32 Alternatively, they proposed that the change of proton donor from hydronium in acid to 

water in base is the main reason for the sluggish HER in alkaline media since the water dissociation 

in alkaline media has a higher kinetic barrier, relative to acidic media. However, the proton donor 

effect cannot explain why the HOR kinetics is also slower in base. In addition, Rossmeisl et al. 

proposed that a larger kinetic barrier for HER/HOR with rising pH is a consequence of a change 

of configurational entropy of protons when approaching the surface.173 The protons lose part of 

their entropy when crossing the outer Helmholtz region, giving rise to an entropic barrier, which 

increases with pH. This hypothesis also highlights that the pH effect is more pronounced for a 

good catalyst, with fast reaction kinetics, in agreement with the observation of Pt being strongly 

impacted by pH changes, relative to Pd or Ir and the HOR being more pH-sensitive than the 
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ORR.22,83 While these studies have provided novel insights into the sluggish hydrogen reaction 

kinetics in base, it has not been straightforward for experimentalists to find evidences supporting 

the models. Recently, Feliu et al.176 investigated the HER/HOR on three basal planes of Pt under 

near neutral pH conditions (pH =3.0, 4.0, 5.4) without specifically adsorbing of anions, and found 

that the HER activity showed no pH-dependence on the three facets, while the HOR kinetics 

exhibited pronounced pH-sensitive features. The more negatively charged electrode, at higher pH, 

favors the HER but suppresses the HOR, which was rationalized based on DFT results that proton 

solvation becomes more unfavorable on a more negatively charged electrode, leading to the drastic 

decrease of the HOR kinetics in alkaline media, relative to those in acid.  

In summary, several reasons have been proposed to explain the HOR/HER activity in alkaline 

media. While the true nature of the mechanism is still a subject of debate, most explanations have 

so far pointed to the interfacial water structure and the interaction among intermediates (H*, OH*, 

H2O*, etc.) in acid and base as likely as possible. Further examination, from both experimental 

kinetic studies and more realistic theoretical simulations of the electrode/electrolyte interface, will 

further advance our understanding of the sluggish HOR in alkaline media.

3.1.6. Mechanisms for HOR Enhancement on Pt-Based Binary Catalysts

In an attempt to explain the improved alkaline HER kinetics on Ni modified Pt surfaces, Marković 

et al. proposed a bifunctional effect, where the Ni(OH)2 clusters can be added to Pt to facilitate the 

sluggish water dissociation into Had and OHad, followed by the recombination of the Had on Pt to 

form hydrogen and desorption of the OHad to OH-.34 Further, the Ni(OH)2 modification on Pt(111) 

also enhanced the HOR kinetics in alkaline media (Figure 12A).25 These insights support the view 

that alkaline HER/HOR electrocatalysis can be improved via the bifunctional effect, similar to the 

case of Pt-Ru for the methanol oxidation reaction.177 The central idea is that the OHad becomes an 

important reaction intermediate in alkaline media, instead of the previously claimed inhibitor or 

spectator for the HOR reaction.82 Notably, the sluggish HOR kinetics can be attributed to the 

difficulty of forming OHad and/or the competition between Had and OHad for active sites. As 

illustrated in the inset Scheme in Figure 12A, the electrochemical removal of Had (the Volmer step; 

Had + OH– ↔ H2O + e–) occurs via two processes, each involving OHad: the adsorption of hydroxyl 

species (OH- ↔ OHad + e-) and the recombination with Had (OHad + Had ↔ H2O). The OHad sites 

from Ni(OH)2 promote the desorption of the Had to form water. Consequently, the key to enhancing 

the HOR kinetics lies in improving the oxophilicity of the electrode surface, which can be enabled 
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by combining Pt with more oxophilic metals (e.g., Ni, Ru) or using more oxophilic noble metals 

(e.g., Ir). Therefore, the HOR/HER activities depend not only on the H-binding energy but also 

the binding strength of the OHad in alkaline media.178,34 

Figure 12. Bifunctional mechanism as a possible descriptor for improvement of sluggish HOR kinetics in 

alkaline media. (A) HOR/HER polarization curves for Pt(111) and Pt(111) modified with Ni(OH)2 

adislands with 20% coverage in 0.1 M KOH, 1600 rpm, 50 mV/s. Inset Scheme showing a proposed 

bifunctional mechanism, in which the introduction of Ni(OH)2 promotes desorption of Had (Had + OHad ↔ 

H2O) via formation of reactive OHad. (B) HOR/HER polarization curves of Pt polycrystalline electrode in 

0.1 M LiOH, NaOH and KOH, 2500 rpm, 10 mV/s. Inset Scheme illustrates the role of OH--(H2O)x-AM+ 

adducts in determining HOR/HER kinetics. (C) HOR/HER exchange current densities (i0) as a function of 

oxophilicity characterized by CO stripping current density at 0.4 V vs. RHE (20 mV/s) on a Pt 

polycrystalline electrode modified by ten metal hydroxides/oxides (Mg, Cr, Mn, Fe, Co, Ni, Cu, Ru, La and 

Ce) in 0.1 M KOH. The dashed line indicates that the HOR/HER kinetics scale with the oxophilicity of the 

modified Pt electrode except for Ru-modified Pt. (D) Arrhenius plot of HOR/HER exchange current density 

and temperature of Pt-Ru/C and Pt/C electrode in 0.1 M KOH. The steeper slope of Pt/C indicates that the 

HOR/HER kinetics of Pt/C become comparable to those of Pt-Ru/C at higher temperatures (fuel cell 

working temperatures) even though Pt-Ru/C has a much better HOR performance near room temperature. 

The calculated activation energies of Pt/C and Pt-Ru/C are 35.2 kJ/mol and 14.6 kJ/mol, respectively. (A) 

Page 51 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



51

is reprinted with permission from ref 25. Copyright 2013 Springer Nature. (B) is reprinted with permission 

from ref 111. Copyright 2019 American Chemistry Society. (C) is reprinted with permission from ref 186. 

Copyright by the authors 2019 Elsevier. (D) is reprinted with permission from ref 187. Copyright by the 

authors 2019 Wiley.

The proposed bifunctional mechanism has faced some challenges.22,30,31,179 Gasteiger et al. 

pointed out that Ir, in fact, has a lower HOR activity than Pt, and that the surface composition of 

Pt-Ru alloys is different from the bulk.22 They further argued that the Volmer step in alkaline 

media may not involve the formation of OHad but rather the desorption of Had to protons, followed 

by a bulk reaction with OH-. In other words, the microscopic details of the surface Volmer step do 

not change from acid to base. Similarly, Tang et al. argued that the Volmer step proceeds via a 

direct process (Had + OH- ↔ H2O + e-), in which the OHad behaves as a spectator competing for 

active sites, based on the voltammetry and microkinetic analysis on Pt(110).30

The promoting role of the secondary metal in Pt-based bimetallic system (e.g. Pt-Ni) has also 

been a subject of intense debates regarding whether the electronic effect (weakened HBE) or 

oxophilic effect (bifunctional mechanism) dominates. Different from the electronic effect, the 

oxophilic effect requires the secondary metal to be present on the surface. Therefore, Zhuang and 

coworkers attempted to isolate the effect of oxophilicity by investigating two surface-controlled 

model nanoparticles (NPs): Pt-Ni alloys with and without acid leaching.180 Acid treatment of Pt-

Ni NPs led to the formation of a PtNi@Pt core-shell structure. Interestingly, the HOR activity of 

the Pt-Ni catalysts after acid treatment remained barely changed, indicating that the OHad (on Ni, 

which is absent in acid-leached samples) may play a minor role for the Pt-Ni model system, as 

opposed to the oxophilic effect proposed by Marković et al.25 However, this argument was 

undermined by the fact that acid treatment likely did not render a complete removal of the surface 

Ni in Pt-Ni NPs.111 Based on the effects of alkali cations on the HER/HOR kinetics of poly-Pt, Jia 

et al. proposed a modified bifunctional mechanism in combination with hard-soft-acid-based 

(HSAB) concepts.111 The concept of OHad-(H2O)x-AM+ (AM: alkali metals)181 was introduced into 

the Volmer step, in which the interaction energy between (H2O)x-AM+ and OHad or OH- was 

proposed to affect the HOR/HER kinetics.111 According to this approach, the interaction of the 

(H2O)x-AM+ with the OHad is weaker than that with the OH- since the OHad is a soft base whereas 

the OH- is a hard one. They observed that increasing the AM+ concentration only promotes the 

HER, while varying the identity of AM+ affects both HER/HOR in alkaline media (Figure 12B). 
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The hypothesis of the OHad-(H2O)x-AM+ implies that the HER kinetics can be improved by 

increasing the AM+ concentration, in agreement with experimental observations. The higher 

HER/HOR activity in LiOH was ascribed to the weaker Pt-OHad interaction, relative to NaOH or 

KOH. Recently, Li et al.182 used in situ electrochemical surface-enhanced Raman spectroscopy 

(SERS) to support the presence of the OHad species on the surface of PtNi alloys during the HOR 

in alkaline media while the OHad was not observed on pure Pt surface. 

Similar to Pt-Ni, how the synergy between Pt and Ru takes effect in the HOR kinetics also 

remains debatable. Durst et al. argued that the Volmer step does not have to change from acidic 

media to alkaline media, suggesting that the change of the HBE rather than the oxophilic effect 

could be responsible for the HOR kinetic enhancement of Pt-Ru, relative to Pt.22 Zhuang et al. 

proposed that the electronic effect played a major role as the voltammetric peaks of Pt-Ru in the 

Hupd region shifted to lower potentials compared to Pt, indicating a weakened Pt-Had binding.183 

Meanwhile, they proposed that the oxophilic effect might not explain the enhanced HOR activity 

since the reactive hydroxyl species on Pt sites can be generated even at lower potentials than Pt-

Ru, as derived from the CO stripping voltammograms. Recently, Jia et al. suggested that the peak 

at lower potentials on Pt-Ru should be ascribed to the presence of Ru instead of the weakened 

hydrogen binding on Pt, and that the CO stripping peak of Pt-Ru may not reflect the absence of 

the OHad at potentials below 0.4 V vs. RHE, given that the COad competes with the OHad for Ru 

sites.112 Thus, they argued that the promoting effect of Ru in Pt-Ru alloys comes from the 

bifunctional mechanism, supported by the presence of OHad revealed by in situ X-ray absorption 

spectroscopy (XAS). Taking into account the double layer structure, Jia et al. proposed that Pt-Ru 

involves the quasi-specifically adsorbed OH (-Hupd-OHq-ad), which enhances the HOR kinetics by 

accelerating the bond formation to yield H2O, while other bimetallic systems engage in only 

specifically adsorbed OH.164 Schwämmlein et al. attempted to distinguish between the two effects 

by examining the HOR/HER activity of a series of Ru@Pt core-shell NPs with different Pt 

thicknesses,184 and predicted that the optimal thickness of Pt, calculated from the bifunctional 

mechanism, should be less than one monolayer.185 In contrast, the experimentally determined 

optimal thickness was 1.6 layers, supporting the electronic effect as the major contributor to the 

superior activity of Pt-Ru catalysts. However, it is challenging to know whether the observation is 

due to the changing structure of the Pt shell as a function of its thickness.180,111 Recently, the 

Zhuang group reported on an alkaline HOR kinetic study based on poly-Pt electrodes modified by 
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ten different types of transition metal oxides or hydroxides (Pt-M, M=Mg, Cr, Mn, Fe, Co, Ni, Cu, 

Ru, La and Ce).186 A rising trend of the HOR activity with enhanced oxophilicity suggested that 

the oxophilic effect governs the HOR kinetics in those bimetallic systems except for Pt-Ru (Figure 

12C). They observed Pt-Ru as an outlier, indicating that the improved HOR kinetics of Pt-Ru 

system may be different from other Pt-M systems. Specifically, the electronic effects were 

proposed as the reason for the enhanced kinetics on the Pt-Ru while the oxophilic effect was 

proposed as the reason for the enhanced kinetics behind the other Pt-M systems. Furthermore, the 

same group recently reported that even though Pt-Ru/C exhibits much higher HOR activity than 

Pt/C at room temperature, their HOR kinetics gap becomes less pronounced at higher temperatures, 

given the much larger activation energy of Pt/C (35 kJ/mol) compared to Pt-Ru/C (15 kJ/mol) 

(Figure 12D) and their comparable peak power densities in MEA tests at 80 °C.187 Hence, the 

advantage of using Pt-Ru over Pt catalysts for the HOR in alkaline fuel cells is modest at elevated 

temperatures. Recently, we showed that Pt-based and Ir-based alloys with Ru, Rh, or Pd exhibited 

enhanced HOR activity relative to pure metals, which was ascribed to a combination of oxophilic 

and electronic effects based on kinetic Monte Carlo simulations and differential electrochemical 

mass spectrometry (DEMS) of CO stripping.188 

In summary, the electronic effects and/or the oxophilic effects, involving the OHad adsorption, 

play an important role in rationalizing the HOR/HER kinetics of Pt-based binary electrocatalysts 

in alkaline media either directly or indirectly. However, the molecular details of how the OHad 

participates in the electrocatalysis is still an open question. 

3.2. Nanoscale HOR Electrocatalysts in Alkaline Media

AEMFCs require a significantly higher amount of Pt to catalyze the sluggish HOR at the anode, 

relative to PEMFCs. Thus, it is of great interest and importance to design and develop high-

performance low-Pt and non-precious metal containing HOR electrocatalysts in alkaline media. 

This section reviews the recent progress on Pt-based, non-Pt precious and non-precious metal 

containing HOR electrocatalysts.

3.2.1. Pt-based HOR Catalysts

Pt-Ru based catalysts are widely recognized as the most efficient HOR catalysts even though the 

explicit reason remains debatable, as thoroughly discussed in Section 3.1. Zhuang et al.189 prepared 

Pt-Ru binary alloy thin-film electrodes with 14 different compositions of Pt-Ru alloy via a high-
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throughput combinatorial approach to investigate the composition-activity relationships. The HOR 

exchange current density displayed a volcano-shape vs. Ru fraction (Figure 13A), with a maximum 

activity at 55 at.% Ru, which was ascribed to a lower electron charge density of Pt induced by Ru 

doping. The stability of Pt-Ru alloy NPs could be enhanced via a stronger interaction between NPs 

and the support.190,191 Song et al.190 demonstrated the use of N-doped carbon supported Pt-Ru 

particles as stable HOR catalysts, prepared via an impregnation method followed by NH3 etching. 

The significantly improved durability during potential cycling was attributed to the stabilizing 

effect of nitrogen dopants in the carbon support, relative to commercial Pt/C and PtRu/C. In 

addition to Pt-Ru alloy particles, Pt-Ru heterostructures have also provided some insights into 

activity improvements and minimizing Pt contents. Wang et al.192 reported a 2-fold improvement 

in the HOR mass activity with Ru@Pt core-shell structure NPs with an optimal two-atomic-layer 

Pt shell, compared to random PtRu alloys. Further, Papandrew et al.193 examined the HOR 

performance of Pt or Pd overlayers on unsupported Ru nanotubes and the optimal Ru0.9Pt0.1 

nanotubes displayed enhancements of 35 and 2.5 times specific activity, relative to pure Ru and Pt 

nanotubes, respectively. The improvement was ascribed to increased Pt utilization efficiency and 

possible bifunctional, strain and/or ligand effects. 
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Figure 13. Recent advances of alkaline HOR catalysts based on precious metal catalysts. (A) Volcano 

shape relationship between HER/HOR exchange current densities and Ru atomic fraction analyzed by X-

ray fluorescence in Pt-Ru binary alloy thin film electrodes, prepared by magnetron sputtering. (B) The 

HER/HOR exchange current density (ECD) of Pd@Pt/C and Pd3M@Pt/C with different surface lattice 

strains. The increasing lattice strain corresponds to weakened hydrogen binding. (C) HOR activity 

evaluation of Pd-CeOx samples with different CeOx thicknesses in H2-saturated 0.05 M NaOH aqueous 

solution at a scan rate of 20 mV/s; Ce4 indicates that 4 ALD cycles were used to deposit the CeOx layer. 

(D) MEA performance of an AEMFC using Ru/Meso C, Ru/C and 20% Pt/C as the anode catalysts with a 

metal loading of 0.1 mg/cm2 and 60% Pt/C as the cathode catalysts with a metal loading of 0.45 mg/cm2 at 

a cell temperature of 80 oC and a backpressure of 0.1 MPa. (E) Alkaline HOR activities of Ir/C, Ir3Ru7/C, 

Ir3Pd1Ru6/C, Ru/C and Pt/C (loading: 3.5 µgmetal/cm2) tested in H2-saturated 0.1 M KOH at a scan rate of 5 

mV/s and rotation rate of 1,600 rpm; (F) Alkaline HOR activities of Rh/C-2, Pt7Rh3/C, Ir9Rh1/C, Pt/C and 

Ir/C (loading: 3.5 µgmetal/cm2) under same test conditions as (E). (A) is reprinted with permission from ref 

189. Copyright by the authors 2019 Elsevier. (B) is reprinted with permission from ref 198. Copyright 2020 

Elsevier. (C) is reprinted with permission from ref 212. Copyright 2020 American Chemistry Society. (D) 

is reprinted with permission from ref 216. Copyright by the authors 2020 Elsevier. (E) is reprinted with 

permission from ref 224. Copyright 2017 American Chemistry Society. (F) is reprinted with permission 

from ref 230. Copyright 2019 American Chemistry Society.

In addition to the Pt-Ru catalysts, Pt alloyed catalysts with other secondary metals have also 

been exploited to minimize the use of Pt while improving activity via tuning the electronic and/or 

strain effects. Wong et al.194 investigated the HOR activity of a series of ultrathin Pt-M (M = Fe, 

Co, Ru, Cu, Au) alloy nanowires (NWs), among which Pt-Ru, Pt-Fe and Pt-Co NWs achieved 

improved HOR exchange current densities while Pt-Au and Pt-Cu NWs exhibited lower activity, 

relative to pure Pt. They claimed that the hydrogen binding energy played a key role in the 

observed activities since the trend was consistent with the hydrogen binding strength based on a 

Volcano plot. Ohyama and colleagues195 modified the surface of Pt particles with 15 metals (4th 

and 5th period elements) and found a similar “volcano plot” in the relationship between HOR and 

the standard oxidation potentials of the secondary metals. Consequently, they proposed that the 

enhanced activity could be ascribed to a change of the reactivity of surface oxidized species beyond 

a change in the HBE. An interesting observation was that while Pt-Cu alloyed NWs194 and Cu-

modified Pt/C195 showed decreased HOR activity, compared to their Pt counterparts, Cu-modified 
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Pt electrodes displayed slightly enhanced HOR.186 Moreover, a study on Pt-coated Cu NWs 

generated by galvanic displacement by Yan et al.196 suggested that the incorporation of Cu was 

actually beneficial to the HOR activity through a compressive strain on Pt, and promotion of 

hydroxyl adsorption. Therefore, those seemingly contradictory results may arise from differences 

in chemical composition, and surface coverages of Cu, and should be examined carefully with 

surface characterization techniques. 

Besides Pt-based binary catalysts, the potential of ternary catalysts has also been explored for 

low-Pt catalyst content design. For instance, Wang197 reported a weakening of the HBE on Pt by 

forming a Pt skin surrounding an ordered PdFe intermetallic core. This electrocatalyst exhibited 

enhanced HOR performance, when compared to a Pt skin on a disordered PdFe counterpart. The 

same group investigated the HOR kinetics with catalysts based on strain-engineered Pd3M (M= 

Fe, Co, Cu) cores covered with a monolayer Pt skin (Figure 13B).198 Their results suggested that 

the HOR activity enhancement was mainly governed by the oxophilicity of low-valence M(OH)x 

species, rather than by the change of HBE caused by surface lattice strain. Furthermore, they 

developed a new class of Pt-Pd-Fe ordered intermetallics with improved HOR activity and 

durability, arising from the widening and downshifting of d-band structure, induced by the 

formation of Pd hydrides (PdHx) and/or ordered atomic arrangements.199

3.2.2. Non-Pt Precious Metal-Based HOR Catalysts

Pd-based catalysts. Pd represents a promising alternative to Pt given its comparable HOR activity. 

However, the quantification of the HOR kinetics on bulk Pd electrodes is complicated by the 

hydrogen absorption into the Pd lattice. Gasteiger et al.200 circumvented this challenge by 

depositing a Pd-adlayer onto a polycrystalline Au substrate. The measured exchange current 

density in alkaline media was observed to scale inversely with the palladium coverage on Au, 

pointing toward an excessive H-adsorption strength by the tensile strain induced by the Au-

substrate. Yan et al.201 studied the size-dependent HOR kinetics of Pd/C and found that the 

exchange current density of Pd/C decreased in alkaline media as the particle size decreased from 

19 to 3 nm, which was ascribed to the increased fraction of sites with stronger hydrogen binding 

energy.

Alloying has been proven an efficient strategy to boost the HOR performance of Pd. For 

example, PdIr/C alloyed NP catalysts were reported to exhibit HOR activities comparable to that 

of Pt/C.202 Song et al.203 revealed that Pd0.33Ir0.67 supported on N-doped carbon exhibited an 
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optimal HOR activity, slightly higher than that of Pt/C, which was ascribed to its optimal H binding 

strength and enhanced oxophilic properties. Shao et al.204 examined the role of Ru in Pd3Ru alloy 

nanocatalysts for the alkaline HER/HOR. Structural characterizations revealed that Ru was 

segregated on the alloy surface, forming adatoms and clusters, which led to weakened HBE and 

enhanced OH adsorption. Li et al.205 reported that Pd-Cu alloys, with a body centered cubic phase 

(bcc), displayed a 20-fold enhancement of HOR activity, relative to its face centered cubic (fcc) 

counterpart. The DFT calculations revealed that the bcc Pd-Cu surface possessed a much stronger 

OH binding, compared to the fcc Pd-Cu, despite a similar H binding strength. This work underlined 

the importance of phase control during synthesis of HOR electrocatalysts. In addition to alloying, 

Pd layer surface coating or decoration provides another strategy for optimizing Pd atomic 

utilization.206-208 

Dekel et al. established that the use of ceria (CeO2) supports could enhance the HOR kinetics 

of Pd/C in alkaline electrolytes, possibly as a result of weakened Pd-H bonds and improved supply 

of OHad sites from the oxophilic CeO2, relative to carbon supports.209 They reported that the 

preferably deposited Pd onto CeO2/C led to significantly increased stability, compared to Pd/C, 

due to the strong Pd-CeO2 catalyst-support interaction.2102,211 Furthermore, quasi-2D model 

catalyst systems with flat Pd and Pt surfaces covered by a thin layer of CeOx prepared by atomic 

layer deposition (ALD) were developed in an effort to investigate the impact of CeOx thickness on 

the HOR activity, and dissolution stability, in alkaline media (Figure 13C).212 Although improved 

dissolution stability was observed on both CeOx covered Pt and Pd, only CeOx covered Pd was 

found to exhibit enhanced HOR kinetics. Compared to pure Pd, the CeOx-Pd interface exhibited 

not only a 15-fold increase in exchange current density but also a 10-fold reduction in Pd 

dissolution. This improvement was mainly attributed to the presence of semipermeable CeOx films, 

which facilitated the OH- supply directly to adsorbed H at the interface, and also suppressed the 

mass transfer of Pd ions within the oxide layer.

Ru-based catalysts. Ru has received intense attention as an HOR catalyst since its cost is 

significantly lower than Pt. The size-dependence of the HOR kinetics of Ru/C NPs was 

investigated by Satsuma et al.213 with particle sizes ranging from 2 to 7 nm. The HOR/HER 

exchange current density of Ru/C exhibited a volcano shape with a maximum activity (~65 µA/cm2) 

at 3 nm. They proposed unsaturated Ru surface atoms as highly active sites for the HOR, but too 

large a fraction of unsaturated atoms decrease the activity because of their high susceptibility to 

Page 58 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



58

oxidation. Wang et al. reported that a metastable face centered cubic (fcc) Ru/C showed enhanced 

HOR kinetics, relative to the hexagonal closest packed (hcp)-Ru/C.214 Luo et al. reported that 

phosphorous-doped Ru/C exhibited a 5-fold higher HOR activity than Ru/C.215 DFT calculations 

suggested that the P could modify the electronic structure of Ru with the possible switching of the 

RDS from water formation to the water desorption step. Recently, Zhuang et al. investigated the 

effects of carbon supports on the performance of Ru/C as the hydrogen anode in AEMFCs (Figure 

13D).216 Ru NPs, supported on mesoporous carbon, achieved a peak power density of 1.02 W/cm2, 

which is significantly higher than Ru NPs supported on bulk-like carbon (0.76 W/cm2) and even 

comparable to a Pt/C anode (1.01 W/cm2). They proposed that the holey microstructure is 

relatively hydrophobic, which mitigates possible water flooding and facilitates the H2 transport, 

and the mesoporous channel can confine Ru NPs for oxidation. 

Ru can be alloyed with other metals to further enhance the HOR activity.217-219 Recently, 

Abruña et al. reported on a class of HOR catalysts based on Ru-M/C (M= Co, Ni, Fe) prepared by 

a simple impregnation method.220 The HOR kinetics of Ru/C could be significantly improved with 

a very low content (5%) of Co, Ni or Fe, with the half-wave potential shifting by ~40 mV. In 

particular, Ru0.95Co0.05/C exhibited the highest HOR performance among the Ru alloys studied, 

with a mass activity even outperforming Pt/C. DFT calculations indicated that the d-band center 

was downshifted, due to alloying effect, leading to a weakened H adsorption. Zhuang Z. et al.221 

recently developed an HOR catalyst based on Ru0.7Ni0.3/C alloyed NPs, synthesized via a 

hydrothermal approach. The Ru-Ni/C alloy catalyst exhibited HOR activity with 3-fold mass 

activity and 5-fold specific activity increases, respectively, at an overpotential of 50 mV, compared 

to even PtRu/C, although the specific exchange current density was not available for comparing 

its intrinsic activity. Yan et al. recently reported that a Ru0.7Ni0.3/C anode delivered a PPD of 2.03 

W/cm2 and 1.23 W/cm2 in H2/O2 and H2/air at 95 °C, respectively in MEA measurements. The 

improved HOR activity of Ru0.7Ni0.3/C was ascribed to the weakened H-binding with Ni alloying, 

and strengthened water adsorption by the presence of Ni oxide species at the surface. Though this 

catalyst seemed to be very promising in AEMFCs, its HOR polarization curves exhibited 

significant decay at potentials more positive 0.1 V, indicating its rapid passivation and poor 

stability under higher polarization of the hydrogen anode when operating at high current densities. 

Wei et al.222 recently used urchin-like TiO2 to partially confine Ru clusters in the lattice (Ru@TiO2) 

in an effort to mitigate the oxidation of Ru at positive HOR polarization potentials. The Ru@TiO2 
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catalyst is active for catalyzing the HOR at potentials up to 0.9 V vs. RHE in both acid and base 

and showed strong anti-CO poisoning capabilities. The improved anti-oxidation and anti-

poisoning were claimed to be due to the formation of Ru-Ti bonds which facilitated electron 

transfer from electron-rich TiO2 to the Ru metal, as indicated by XAS studies. 

Ir and Rh-based catalysts. As shown in Figure 9F, Ir/C displayed the second highest HOR 

activity after Pt/C. The size effect of Ir/C NPs, ranging from 3 to 12 nm was studied by Yan et 

al.223 In this study, they deconvolved the Hupd regions in the CVs into different hydrogen binding 

sites and claimed that the HOR activity, normalized to the lowest hydrogen binding sites, showed 

little dependence on particle sizes, hypothesizing that these sites with low HBE are responsible for 

the HOR kinetics. Abruña et al. recently introduced a new family of Ir-based nanoparticles 

supported on carbon as HOR electrocatalysts in alkaline media.224 A negative shift in the half-

wave potential of more than 30 mV could be observed for Ir-Ru based alloys compared to Ir/C and 

Ru/C (Figure 13E), indicating a synergy between Ir and Ru. Ir3Ru7/C and Ir3Pd1Ru6/C exhibited 

the highest HOR activity but a much lower cost relative to Pt/C and Ir/C. Shao and Yi et al. 

designed IrNi@PdIr/C core-shell electrocatalysts by galvanic replacement reactions, which 

showed enhanced HOR activity and stability relative to IrNi/C in alkaline media, owing to the PdIr 

overlayer lowering the hydrogen binding energy and mitigating Ni oxide formation.225 By alloying 

with non-precious secondary metals like Ni, Fe, Co, Ir-Ni NPs displayed optimal HOR activities 

as a result of optimal interactions between catalysts surface and hydrogen intermediates and 

optimal oxophilic effect.226,227 Even trace amounts of Ru or Fe, on the surface of Ir, could induce 

a modest adsorption of OH and result in improved HOR activity.228 Recently, IrMo alloy 

nanocatalysts were shown to exhibit an HOR activity 5 times higher than that of Ir NPs and Pt/C,229 

which was ascribed to the bifunctional mechanism, in which the H2O-adsorbed Mo sites on the 

IrMo surface could optimize the strength of H2Oad and OHad. 

Wang and Abruña230 have also developed a series of carbon supported Rh and Rh-M alloy (M= 

Pt, Pd, Ir, Ru) NPs as efficient alkaline HOR catalysts (Figure 13F). The particle size effect was 

first observed for Rh/C which exhibited enhanced HOR kinetics compared to the bulk Rh 

counterpart. In particular, Rh/C with a particle size of 2 nm (Rh/C-2) was identified as the most 

active among the studied catalysts in terms of mass activity. Alloying Rh with Ir and Pt was found 

to promote the HOR kinetics compared to Rh/C, Ir/C and Pt/C, indicating that a synergistic effect 

exists in PtRh and IrRh alloy catalysts. The Pt7Rh3/C catalyst showed the optimal HOR activity in 
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terms of specific activity and exchange current density (~1.2 mA/cm2), even slightly higher than 

that of Pt7Ru3/C. In addition, Ir9Rh1/C exhibited the highest HOR activity among the studied Ir 

alloy particles. This study suggests that Rh and Rh-based alloy could be employed as active HOR 

catalysts in AEMFCs. Recently, Luo et al.231 reported that rhodium phosphide (Rh2P) with a P-

terminated surface exhibited a high HOR activity, with an exchange current density (0.65 mA/cm2) 

outperforming Rh/C (0.27 mA/cm2) and Pt/C. 

3.2.3. Non-Precious HOR Catalysts

The search for completely non-precious HOR catalysts in alkaline media has been mainly focused 

on Ni-based materials, primarily because Ni represents the most active mono-metallic catalyst 

excluding PGM metals. However, the HOR kinetics on Ni remains low mainly due to its strong 

hydrogen adsorption.232,233 Consequently, the Volmer step governs the reaction and weakening the 

HBE of Ni represents the most important approach to enhance its HOR activity in alkaline media. 

Figure 14. Recent progress on non-precious HOR catalysts in alkaline media. (A) Relationship between 

HOR/HER exchange current (J0) and surface coverage of Ni(OH)2 over Ni of Ni(OH)2/Ni/C catalysts, 

prepared by a three-step electrochemical treatment of Ni/C; A peak current can be found at a 1.1: 1 ratio; 

The inset shows a model of Ni(OH)2 decorated Ni nanoparticle. (B) Relation between HER/HOR exchange 
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current density (i0) and Cu atomic ratio in Ni-Cu binary alloy thin film electrodes, prepared by magnetron 

sputtering; The maximum can be observed at a Cu content of 40 at.%. (C) Anodic peak potentials with 

respect to Cu molar content in HOR polarization curves, indicating increased tolerance toward oxidation; 

Peak 1 corresponds to HOR and Ni-OHad formation while Peak 2 indicates HOR and Ni-(OH)2,ad formation. 

(D) STEM-EELS analysis of a Ni@CNx nanoparticle with ADF-STEM image and Ni (green), C (red) and 

Ni+C composite mapping. The EELS mapping results indicate a uniform layer of carbon (~2 nm) coating 

a Ni core; (E) Comparison of HOR current density and stability between Ni@CNx and Ni catalysts 

measured in H2-saturated 0.1 M KOH solution at a rotation rate of 2,500 rpm and scan rate of 5 mV/s; Ni 

mass normalized HOR current density at lower positions was measured at 0.05 V after potential cycling 

between 0 and 0.5 V for 10,000 cycles at 100 mV/s. (F) Binding energy of HOR reaction intermediates 

(H*, OH*) and O* based on Ni(111) and Ni(111)@graphene model. The blue, red and green bars represent 

binding onto pristine Ni(111), Ni in Ni(111)@graphene and graphene in Ni(111)@graphene, respectively. 

The bold colors describe the most stable state in the presence of graphene layer over Ni(111). The dashed 

line indicates the optimal H binding energy. Green, red and gold balls denote H, O and C atoms in the three 

models below the chart. (A) is reprinted with permission from ref 237. Copyright 2019 Elsevier. (B-C) is 

reprinted with permission from ref 251. Copyright 2019 American Chemistry Society. (D-F) is reprinted 

with permission from ref 263. Copyright 2021 by the authors.

Partial oxidation was proven to be an effective strategy to improve the HOR kinetics of 

polycrystalline Ni.234,235 A 10-fold enhancement in HOR/HER kinetics was reported after the 

formation of surface NiO upon air exposure.234 The kinetic model indicated a shift of the reaction 

mechanisms from the Heyrovsky-Volmer on metallic Ni to Tafel-Volmer on an oxide covered Ni 

surface. The partial coverage of Ni oxide on the electrode surface could lead to a decrease of the 

hydrogen binding strength, thus promoted the HOR activity with a diminution of the apparent 

activation energy from 30 to 26 kJ/mol.235 Recently, Oshchepkov et al.236 reported on the effect of 

NiOx coverage on HOR kinetics on a polycrystalline Ni electrode by electrochemical oxidation. 

The HOR activity displayed a volcano-shape with the maximum exchange current density (32.8 

µA/cm2) at 30% coverage, corresponding to a 14-fold enhancement, relative to metallic Ni. This 

observation was in agreement with a previous study on Ni(OH)2/Ni/C from Zhuang and 

coworkers.237 They also observed that the Ni(OH)2 decorated Ni/C catalyst exhibited a “volcano 

plot” with an optimal surface Ni(OH)2/Ni molar ratio of 1.1: 1 and ~7-fold increase in the exchange 

current density relative to Ni/C (Figure 14A). Moreover, the stability of the catalysts was also 
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enhanced with Ni(OH)2 decoration. Consequently, Ni/C could be a promising HOR catalyst in 

alkaline electrolytes if the Ni NPs could achieve a high dispersion on the support with an optimal 

Ni/NiOx ratio.238,239 Hu et al.240 reported that Ni/C, prepared by the pyrolysis of Ni-containing 

metal-organic frameworks, exhibited a mass-normalized exchange current density of 24.4 mA/mg. 

They proposed that the HOR activity enhancement originated from an optimal level of macro- and 

microstrains in the particles. Nevertheless, the calculated surface area-specific activity was ~28.0 

µA/cm2, based on the estimation of the electrochemical surface area (ECSA), was comparable to 

other studies,239,241 indicating that the high mass activity observed in this study may be due to the 

small particle sizes (~5 nm). The improved HOR activity could also be achieved with stronger 

nickel-support interactions.242,243  

Ni3N was recently reported as a new type of Ni-based HOR catalyst.244-246 Sun et al.244 reported 

that the coating of Ni3N on Ni NPs could boost both HER and HOR performance. The superior 

performance was ascribed to the intimate contact between Ni3N/Ni and a Ni foam substrate and 

facilitated mass transport resulting from the hierarchical structure. However, since the 

electrochemical measurements were conducted via linear sweep voltammetry, without rotation, 

rather than standard RDE measurements, it is difficult to make a comparison with other literature 

results. A similar Ni3B/Ni catalyst was also reported to enhance the HOR kinetics, ascribed to the 

electron transfer from Ni3B to Ni.247 Hu et al.245 reported the use of Ni3N/C NPs with an average 

size of 4 nm as active HOR catalysts in alkaline media. The mass normalized exchange current 

density reached 12 mA/mg even though the specific exchange current density was only 14 µA/cm2. 

Meanwhile, Li et al.246 also pointed out that the interstitial nitrogen doping in Ni3N/C could weaken 

hydrogen adsorption and lower the activation barriers for the water formation step. 

Another effective strategy to improve the intrinsic activity of Ni is through alloying with other 

metals. Copper is the most frequently employed metal to boost the HOR performance of Ni. 

Oshchepkov and Cherstiouk et al.248,249 prepared a series of Ni-Cu bimetallic NPs supported on 

carbon and found an optimal content of Cu at 5 at.%. Similar observations were also reported by 

Atanassov et al.250 However, achieving a higher level of Cu alloying was challenging given the 

phase separation at higher Cu contents.248 In order to circumvent this challenge, Zhuang and 

coworkers251 employed a high throughput combinatorial magnetron sputtering method to prepare 

a series of Ni-Cu alloy thin films with uniform compositional distributions. This synthesis method 

also ruled out possible particle size effects, usually present in NPs, and enabled a comparison of 
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samples with similar surface roughness. The XRD patterns together with XPS and XRF analysis 

confirmed a continuous change of Cu content from 0 at.% to 100 at.% in Ni-Cu alloys. The Ni-Cu 

binary thin film electrodes displayed a volcano-shaped HOR activity vs. Cu content (Figure 14B). 

The maximum activity was found at 40 at.% Cu with a 4-fold enhancement in the exchange current 

density compared to pure Ni. Furthermore, the positive shift of the anodic peaks with Cu alloying 

indicated improved antioxidation properties of the Ni-Cu films (Figure 14C). This study suggested 

that the HOR activity of Ni-Cu based NPs, with moderate Cu alloy content, could be further 

enhanced and provided a deeper understanding of the role of Cu on the HOR kinetics of Ni. The 

findings on Ni-Cu alloy film electrodes were supported by DFT calculations by Bonnefont et al.,252 

which predicted a significant reduction of hydrogen binding strength and a decreased activation 

barrier for the recombination process for a 50% Cu coverage on the surface. This may also help 

explain why 5% Cu was reported as the optimal content for Ni-Cu NPs250 since Cu tended to 

surface segregate.252 Additionally, Xu et al.253 proposed that alloying Ni with Cu could modulate 

the electronic structure via ligand effects and downshift the d-band center, producing a variety of 

adsorption sites that could be close to the optimal HBE, although Ni-Cu in this work was intended 

for tuning the HER activity. Ni-Mo based catalysts have also been explored with the purpose of 

weakening H adsorption.254-256 Yu et al.257 reported the synthesis of Ni4Mo and Ni4W nanoalloys 

as efficient HOR catalysts in alkaline electrolytes. With higher loadings, the HOR performance of 

Ni4Mo could outperform Pt/C in RDE polarization profiles, however, the real exchange current 

density was not available. The improved HOR reactivity was attributed to optimal H adsorption 

on Ni and OH adsorption on Mo or W. Ni supported on CeO2 heterostructures was recently 

reported to exhibit improved HOR performance in alkaline media.258 DFT calculations suggested 

that the electron transfer between CeO2 and Ni could lead to a thermoneutral free energy of 

hydrogen adsorption and facilitated hydroxyl adsorption through the oxygen-vacancy rich CeO2. 

With this heterostructure design, an exchange current density of a 38 µA/cm2 was achieved, 

corresponding to 2.5-fold increase compared to Ni/C. 

In addition to its low intrinsic HOR activity, another challenge of Ni-based catalysts arises from 

its susceptibility to oxidation at large overpotentials in hydrogen anodes in AEMFCs.259 While 

promising HOR activity can be observed in an RDE configuration, Ni catalysts easily undergo 

oxidation in MEA studies, leading to a rapid performance deterioration.245,260 Though the stability 

could be possibly improved by partially covering the surface of Ni with Ni(OH)2 species,237 this 

Page 64 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



64

electrochemical oxidation method is not practical for large-scale production of hydrogen anode 

catalysts. One effective strategy is to weaken the interaction between Ni and surface oxygen 

species via Cr-alloying13 or W-doping.261 A core-shell architecture based on an h-BN shell was 

employed to protect the Ni core from oxidation, as reported by Bao and Zhuang et al.259 According 

to DFT calculations, the interactions of H, O and OH species with the subsurface Ni was weakened 

due to the presence of the h-BN shell. This structure not only suppressed Ni oxidation, but also led 

to improved HOR activities with weakened hydrogen adsorption, to facilitate the Volmer step. In 

order to tackle the rapid surface passivation by the formation of Ni oxide(s) under HOR 

polarization conditions, we reported on a novel strategy to encapsulate metallic Ni nanocrystals 

with a 2 nm nitrogen-doped carbon shell (Ni@CNx), as evidenced by atomic-scale STEM imaging 

and EELS elemental mapping (Figure 14D).262,263 The weakened O binding energy effectively 

mitigates the undesirable surface oxidation during HOR polarization and the catalyst exhibited 

significantly enhanced durability after 10,000 potential cycles (Figure 14E). The CNx coating 

layer lowers the H binding energy, close to the optimal value, as well as the O and OH binding 

energies, as supported by DFT simulations (Figure 14F). Moreover, the presence of N defects was 

believed to contribute to the enhanced electrocatalytic properties of Ni@CNx by anchoring Ni 

single atoms with pyridinic configurations. Ni@CNx exhibited a benchmark peak power density 

(PPD) of ~500 mW/cm2, when paired with a Pt/C cathode, which represents the highest 

performance among non-precious metal anodes in APEFC reported to date (Figure 60I). In 

addition, Ni@CNx demonstrated stable operation for over 20 h at 0.6 A/cm2, superior to a Ni 

nanoparticle counterpart due to the enhanced oxidation resistance provided by the CNx layer. Such 

durability represents a ground-breaking achievement for non-precious HOR catalysts. Finally, 

Ni@CNx exhibited a dramatically enhanced tolerance to CO, relative to Pt/C, enabling the use of 

hydrogen gas with trace amounts of CO; critical for practical applications.

3.3 Summary

In this section, we have provided a detailed discussion regarding the Tafel-Heyrovsky-Volmer 

HOR/HER reaction mechanisms in acidic and alkaline medias and possible activity descriptors, 

such as hydrogen binding energy, electronic and oxophilic effects. Interfacial water structures have 

been suggested to play an important role in the HOR/HER kinetics in alkaline media. We then 

presented an overview of nanoscale HOR electrocatalysts in alkaline media, including Pt-based, 

non-Pt PGM and non-precious catalysts with several strategies to enhance the HOR activity and 
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stability. In general, a promising HOR catalyst should exhibit high activity and durability and but 

also be low cost. Ru-based catalysts seem to be more promising than other PGM catalysts since 

they exhibit superior HOR performance at a much lower cost. Non-precious catalysts, especially 

Ni-based catalysts, have only modest HOR activity but their activity can be significantly enhanced 

by minimizing particle size and alloying with other metals or dopants. The durability of Ni-based 

catalysts has been effectively improved by surface coating strategies. One should also bear in mind 

that the HOR performance of the majority of studies were reported based on RDE measurements 

while very few reports have demonstrated MEA performance. For instance, when compared to 

Pt/C, PtRu/C shows much higher HOR activity in room-temperature RDE measurements but only 

minor performance enhancement in MEA studies when used as the hydrogen anode. We anticipate 

that advances in the fundamental understanding of HOR mechanisms will not only lead to high-

performance non-precious HOR electrocatalysts in AEMFCs but also contribute to the elucidation 

of the more complex multi-electron ORR mechanisms (vide infra).  

4. ORR ELECTROCATALYSIS IN ALKALINE MEDIA
4.1 Fundamentals of ORR Mechanisms in Acidic and Alkaline Media

The most significant challenge of fuel cell technologies is the development of electrocatalysts to 

accelerate the sluggish oxygen reduction reaction (ORR) at the cathode. Even Pt, the most active 

monometallic catalyst still exhibits a large overpotential of 300-400 mV in order to achieve an 

appreciable current density (reaction rate) for the ORR. It is of fundamental importance to 

understand the reaction kinetics and mechanisms and establish design rules for ORR 

electrocatalysts with enhanced activity, selectivity and durability. After more than three-decades 

of extensive studies on ORR mechanisms,155,264-266 while certain aspects are still being debated, a 

consensus has been reached on certain ORR pathways, key intermediates and potential rate 

determining steps (RDSs), which are deemed important. Here, we will review the general ORR 

mechanisms in both acid and base with an emphasis on well-defined single-crystal Pt electrodes. 

The use of single-crystal Pt surfaces greatly simplifies the complexity of the structure-activity 

relationship and has profoundly shaped and enhanced our fundamental understanding of the ORR 

mechanism.267-269 The knowledge gained from single-crystal studies can be further extended to 

practical fuel cell catalysts in nanoparticle (NP) forms composed of terraces, steps, kinks and/or 

random defects. Proposed mechanisms described here are supported by a variety of in 
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situ/operando spectroscopic studies and further elucidated by detailed electrochemical kinetic 

studies, in particular, with rotating disk electrode (RDE) techniques.5 With precisely controlled 

stepped Pt surfaces, we will systematically introduce the determining factors of ORR activity and 

fundamental properties of H and OH adsorption, including surface atomic arrangement, interfacial 

water structure, pH, temperature and cations/anions in the electrolyte. Of particular interest is the 

newly emerged/realized importance of water structure at charged interfaces, which is nonetheless 

often neglected in traditional thermodynamic considerations of surface adsorptions due at least in 

part to great challenges in detecting the interfacial water as well as large-scale simulations of water 

on electrodes. Recent applications of surface-enhanced vibrational spectroscopy are providing a 

molecular picture of potential-dependent water orientation at charged interfaces. Finally, we will 

discuss efforts intended to accurately quantify the intrinsic properties of interfacial water with the 

potential of zero charge (pzc) and the potential of maximum entropy (pme) and correlate them to 

electrocatalytic activity.     

General ORR mechanisms in acid and base are summarized in Scheme 2. Early studies of ORR 

mechanisms focused on acidic media, in part motivated by the development of PEMFCs. Early 

studies often used sulfuric or perchlorate acids since they are easier to purify than phosphoric acid. 

In acidic environments, O2 can be either reduced completely to H2O via a 4e- process (Eo = 1.229 

V) or partially to H2O2 via a 2e- process (Eo = 0.695 V).271-273 Both processes often occur 

concomitantly as competing reactions and determine the catalyst selectivity. The undesirably 

formed peroxide results in a lower energy density and can degrade the polymer membrane in fuel 

cells.274.275 The first elemental step involves the adsorption of molecular O2 (O2
* , reaction 1a) on 

the metal surface. Traditionally, the adsorption energy of O2 or O ( GO) has been proposed as the ∆

preliminary descriptor to explain the volcano-type correlation of ORR activity for different metal 

surfaces (Figure 2A). An intermediate GO is expected to result in an optimal ORR activity, based ∆

on the Sabatier principle, and the scaling relationship between GO and GOH, since too weak ∆ ∆

oxygen adsorption impedes the kinetics of the first step, while too strong an oxygen adsorption 

hinders the later removal of OH species. However, one should keep in mind that the volcano plots 

cannot predict the potential-dependent reaction rate, RDSs or the significant effects of the 

electrolyte environment. In order to elucidate the complex nature of ORR mechanisms, it is highly 

desirable to couple spectroscopic and electrochemical studies.    
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Figure 15. In situ/operando spectroscopic evidence of the ORR intermediates and reaction pathways. (A) 

In situ shell‐isolated nanoparticles‐enhanced Raman spectroscopy (SHINERS) of Pt(111) showing the key 

intermediates of HO2* in acid and O2
-* in base. (B) In situ attenuated total reflection surface-enhanced 

infrared reflection (IR) absorption spectroscopy (ATR-SEIRAS) of Pt thin film in NaOH (pH=11) showing 

the potential-dependent (vs. Ag/AgCl) formation of O2
-* in base (right) at ~1000 cm-1 and bridge-type 

adsorption geometry on Pt(111) based on DFT calculations (left). (C) In situ ATR Fourier-transformed IR 

(ATR-FTIR) measurements at a Pt film/Nafion interface (left) and potential dependence of molecular O2 

adsorption on Pt surfaces (right). (D) Electrochemical quartz crystal microbalance (EQCM) measurements 

of the coverage of O-containing species (θO) in O2-sat. and O2-free HF solution. (E) In situ ATR-SEIRAS 

measurements of O2 and HO2 as well as ClO4
- anion adsorption on Au(111) in O2-sat. and Ar-sat. HClO4. 

(F) Electrochemical X-ray photoelectron spectroscopy (EC-XPS) measurements of potential-dependent 

adsorption of H2O, OH and O on Pt(111). The left figure shows the structural models of adsorption on 

Pt(111) and the deconvolution of the O 1s spectra for a Pt(111) surface emersed from a N2-sat. 0.1 M HF 

solution. The right figure shows the coverage of three types of O species and CV profile of Pt(111) in 0.1M 

HF (black). The dashed line indicates a 2/3 total coverage of H2O and OH and nearly zero coverage of O 

Page 68 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



68

at ~0.8 V vs. RHE. (A) Adapted with permission from ref. 286. Copyright by the authors 2019 Springer 

Nature. (B) Adapted with permission from ref. 289. Copyright 2006 American Chemical Society. (C) 

Adapted with permission from ref. 293. Copyright 2010 The Royal Society of Chemistry. (D) Adapted with 

permission from ref. 295. Copyright 2011 American Chemical Society. (E) Adapted with permission from 

ref. 291. Copyright 2012 American Chemical Society. (F) Adapted with permission from ref. 296. 

Copyright 2009 American Chemical Society.

Adsorbed O2*, generated in step (a), can convert into HO2* (superoxide) through three different 

ways: (b) a concerted proton-coupled electron transfer process (PCET); (c-d): a decoupled electron 

transfer process forming O2
-* (anion radical) followed by a fast protonation; (j, i): a fast surface 

chemical reaction with coadsorbed H2O* generating another *OH followed by a fast irreversible 

electron transfer process (Cs
fastE1

irrev),276,277 which will be discussed in depth in kinetic studies in 

Scheme 2. HO2* is the central ORR intermediate in acidic media with a soluble nature and short 

lifetime. It has remained elusive until the very recent development of in situ surface-enhanced 

vibrational spectroscopy (Figure 15). The subsequent reactions of HO2* split at a bifurcation 

point:278,279 (e-g) a chemical process to *OH and O* followed by the conversion from O* to *OH; 

(f-h) a PCET process to H2O2 (peroxide) followed by the O-O breaking process to form two *OH. 

The final step is an irreversible PCET process of *OH and conversion to H2O. Among those 

multiple O-containing species, O2
-*, HO2* and H2O2* have the potential to diffuse into solution 

and establish an ad/desorption equilibrium with the corresponding soluble species (k, l and m). In 

particular, HO2 can disproportionate into H2O2 and O2 (n), and H2O2 can go through a similar 

process to produce H2O and O2 (o). Neither process involves electron transfer and thus will cause 

a loss of faradaic efficiency in the overall ORR. Electrogeneration of soluble H2O2 has been 

extensively studied by rotating ring disk electrode (RRDE), and shown to be minimal on Pt273 but 

dominant on Au in acidic media.41

Although the ORR mechanism in base is not as well understood as in acid, similar reaction 

pathways have been proposed and are summarized in Scheme 2 (lower part). In a proton-deficient 

alkaline environments, O2 is reduced to OH- via a 4e- process or to HO2
- via a 2e- process. It is 

important to note that H2O, is the dominant proton donor for the PCET in base while H+ (H3O+) is 

the dominant proton donor in acid.280,281 Equally importantly, H2O is a reactant in base while H2O 

is a reaction product in acid, which leads to a fundamental difference in water management in 
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AEMFCs vs. PEMFCs, which will be discussed in detail in MEA studies in section 7). In contrast 

to acidic environments, O2
-* (superoxide anion radical) and HO2

- (superoxide anion) are the 

dominant species in base, considering the pKa values of HO2 and H2O2 are 4.7 and 11.6, 

respectively.282 In weak base (pH=8~11), a significant amount of H2O2 will co-exist with HO2
-. 

O2
- can go through a similar bifurcation process to form *OH by either chemical (iii, v) or 

electrochemical processes (iv, vi). During the ORR, the interfacial pH can be dramatically different 

from the bulk pH in weak acid (pH = 3~6) or base ( pH = 8~11) without buffer capability, since 

H+ is constantly consumed or OH- is constantly produced. For instance, it has been reported that 

the ORR rate of Pt(111) is limited by the proton concentration in unbuffered HClO4/NaClO4 

(pH=2.5~4).39,283 As the ORR rate increased and consumed protons faster, the interfacial pH 

gradually increased to be above 7, and the overall reaction transformed from O2 + 4H+ + 4e-  ⇋

2H2O to O2 + 2H2O + 4e-  4OH-. In contrast, the interfacial pH can also be well controlled to be ⇋

close to the bulk pH value with buffer solutions with weak or no specific adsorption of anions such 

as NaF/HClO4 and NaF/NaOH to reliably study the effect of pH on the ORR activity of Pt (Figure 

16B).278
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Figure 16. Electrochemical studies of ORR kinetics on Pt surfaces. The test solution is O2-sat. 0.1 M HClO4 

for all following panels except (B). (A) Rotating disk electrode (RDE) measurements of the ORR on poly-Pt 

disk at 0.1 V/s and various rotation rates (left) and corresponding Tafel plots in positive and negative-going 

directions, respectively and Levich plot (jlim vs. 1/2). (B) ORR polarization profiles of Pt(111) in O2-sat. 𝜔

NaF/HClO4 buffer solution at various pH values at 50 mV/s and 2500 rpm. (C) ORR profiles of Pt(111) 

with different upper potential limits (Eup) at 50 mV/s and 50 and 500 rpm, respectively. (D) Linear sweep 

voltammograms (LSVs) for the ORR on stationary poly-Pt after holding the potential at 1.02V (OCP) for 

the various resting times from 0 to 120 s. (E-F) LSVs of normalized current, j/(nFACo ), from FDnν/RT

background-subtracted negative-going scan profiles at 70 and 2500 rpm and various scan rates. (G) 

Normalized peak currents, jp/(nFACo ), against the square root of the normalized scan rate, , D nFν/RT

for continuous LSVs during the ORR on poly-Pt at various scan rates and rotation rates from 0 to 2500 rpm. 

The potential was held at 1.02 V for 150 s before taking the LSVs. Theoretical linear curves for simple 

reversible (dashed) and irreversible (α=0.5, dotted), charge transfers for n=1 and 4. (H) COMSOL 

Multiphysics simulation of normalized peak current against the square root of the normalized scan rate for 

a Cs
fastE1

irrevCE3 mechanism, Symbols and dashed curves in H have the same meaning as F-G. (A, E-H) 

Adapted with permission from ref. 276. Copyright 2019 American Chemical Society. (B) Adapted with 

permission from ref. 278. Copyright 2017 Elsevier. (C) Adapted with permission from ref. 301. Copyright 

2013 Wiley. (D) Adapted with permission from ref. 277. Copyright 2018 American Chemical Society. All 

figures have Copyright by the authors. 

 

4.1.1 Operando/In Situ Spectroscopic Studies of ORR Mechanisms  

Recent developments of in situ/operando spectroscopy have enabled the direct detection of surface 

adsorbed reaction intermediates under electrochemical conditions. O-containing species during the 

ORR are generally challenging to study due to their low concentration, short lifetime and similarity 

among co-adsorbed species and surrounding water. Benefiting from greatly enhanced vibrational 

signals (by factors up to 108), due to localized surface plasmons on nanostructured metals,284 

surface-enhanced vibrational techniques, including surface-enhanced Raman spectroscopy (SERS) 

and surface-enhanced infrared absorption spectroscopy (SEIRAS), serve as powerful diagnostic 

tools to probe the identity of O-containing species at the electrode-electrolyte interface under 

operating conditions.

While the surface-enhanced effects have been known for decades, their application to the study 

of ORR study has been mainly on polycrystalline thin films of Au and Pt, in order to exploit the 
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plasmonic excitation effect.285 But the recently developed shell-isolated nanoparticles-enhanced 

Raman spectroscopy (SHINERS) has expanded such studies to SERS-inactive electrodes, such as 

single-crystalline surfaces and alloy NPs.286-288 Meanwhile, density functional theory (DFT) 

simulations have often been employed to assist with the band assignment in vibrational 

spectroscopy and identification of specific adsorption sites and configurations. With well-defined 

surface structures and their compatibility for atomic-level modelling, Pt single crystals serve as a 

model platform to bridge the in situ vibrational spectroscopy and theoretical simulations. 

In situ SERS showed compelling evidence for the existence of HO2* in acid and O2
-* in base 

on Pt single crystals. Li and coworkers recently employed SHINERS to probe various O-

containing species during the ORR (Figure 15A).286 In acidic media, Pt(111) exhibited a new 

Raman peak at 732 cm-1 below 0.85 V vs. RHE, which was assigned to HO2*, based on H/D 

isotopic experiments. H2O2 was ruled out since it would be immediately reduced to H2O at such 

potentials. Similarly, HO2* was identified by the same group on stepped Pt single crystals and 

Pt3Co NPs.287,288 In contrast, Pt(100) and Pt(110) showed no evidence of HO2* but instead *OH, 

which was ascribed to the lower dissociation energy barrier of HO2* on those surfaces compared 

to Pt(111). In alkaline media, Pt(111), as well as (100) and (110), only showed O2
-* at ~1150 cm-

1 below E < 0.85 V, which was based on the absence of H/D but presence of 18O isotopic effects. 

Similarly, an early in situ SEIRAS study by Adzic and coworkers identified the existence of O2
-* 

on Pt thin films in base and its top-bridge-top configuration on Pt(111) based on DFT calculations 

(Figure 15B).289 A very recent study by Feliu et al. detected the presence of O2
- on Pt(111) in O2-

sat. NaF/HClO4 solution (pH =5.5) based on the observation of a O-O vibrational band at ~1080 

cm-1 using in situ external infrared reflection absorption spectroscopy (IRRAS).290 In situ SEIRAS 

on Au(111) by Yagi and coworkers further identified HO2* in acid at 1220 cm-1 and its coverage 

continued to increase as the potential decreased from 1.0 to 0.1 V (Figure 15E),291 which was 

consistent with a previous SERS study by Gewirth and coworkers.292

Adsorbed molecular O2* was identified on Pt thin films with a proton exchange membrane, 

Nafion, by in situ attenuated total reflection Fourier-transformed infrared spectroscopy (ATR-

FTIR) (Figure 15C).293,294 The IR peak at 1403 cm-1 achieved a maximum amplitude at ~0.5 V vs. 

RHE and was assigned to O2*, given its absence in N2 environment, insensitivity to H/D isotopic 

experiments and stability at potentials up to 1.1 V, which ruled out the possibility of O2
-*. The 

presence of weakly adsorbed O2* (1468 cm-1) on commercial Pt/C catalysts under ORR conditions 
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has also been reported.294 Similarly, O2* was detected on Au(111) in acids with the co-adsorption 

of H2O and ClO4
- and showed a higher intensity in O2-sat. solution, relative to an N2 environment 

(Figure 15E).291 In contrast to O2* on Pt, its coverage on Au continued to decrease at lower 

potentials. It is worth pointing out that, for free O2, as a mononuclear diatomic molecule, IR 

transitions are forbidden, but its adsorption on electrode surfaces may induce a dipole moment due 

to electron transfer and interfacial electric fields, allowing some transitions. Additional 

quantitative information about the surface has been revealed by in situ electrochemical quartz 

crystal microbalance (EQCM) with nanogram-level sensitivity of mass changes at the surface 

(Figure 15D).295 The coverage of O-containing species, (θO), in O2-sat. HF was much higher than 

that in He-sat. HF, which was similar to the difference in HClO4. However, (θO) in O2-sat. HF 

reached ~0.8 at 0.6 V, much higher than that in O2-sat. HClO4 at 0.6 V ( θO = ~0.5), which was 

ascribed to the much lower [H+] in weak acid HF, hindering the consumption of O-containing 

species. To overcome the lack of chemical information in EQCM, Watanabe et al. employed 

electrochemical X-ray photoelectron spectroscopy (EC-XPS) to identify and quantify each type of 

O-containing species at various potentials (Figure 15F).296,297 One needs to be aware that the EC-

XPS study described here involved the transfer of the electrode from solution to an ultrahigh 

vacuum (UHV) chamber under potential control and subsequent freeze-evacuation of bulk 

electrolyte in order to keep maintain the surface adsorbates. HF instead of HClO4 was used to 

obtain O 1s spectra of reaction species without solution interference. The coverage of H2O* on 

Pt(111) increased as the potential rose from 0.4 to ~0.8 V and then decreased afterwards. θOH 

appeared at E > 0.6 V, consistent with the onset of OH formation in the “butterfly” region, while 

θO started to increase after 0.9 V, which coincided with the onset potential of Pt-O formation from 

Pt-OH oxidation. Remarkably, EC-XPS estimated that the total coverage of co-adsorbed H2O and 

OH achieved a maximum of ~2/3 as indicated by the dashed line (Figure 15F), which is a typical 

value for maximum coverage of O species from electrochemical measurements on Pt.264 The 

structure of mixed OH/H2O layers will be discussed in detail in Figure 18B. A nearly zero coverage 

of H2O* was found at 0.4 V in Figure 15F, which we believe underestimates the true coverage of 

H2O. When E is close to the potential of zero free charge (pzfc) of Pt(111) (~0.28 V vs. SHE), 

interfacial water adsorbs weakly on Pt and behaves more disordered like bulk water and may easily 

escape during freeze evacuation. In summary, in situ/operando spectroscopic studies, together 

with theoretical simulations and isotopic experiments, have unambiguously identified key reaction 
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intermediates including O2*, H2O*, HO2* (acid), O2-* (base), *OH, etc., and investigated their 

potential-dependent coverages and interactions with other co-adsorbed species. Such in situ studies 

support the ORR mechanisms in Scheme 2. Nonetheless, it is worthwhile to point out that the ORR 

is a complex electrochemical reaction which can follow different mechanisms at the molecular 

level, depending on the experimental conditions such as electrode surface structures, potentials, 

pH, electrolyte, etc.     

4.1.2 Electrochemical Studies of ORR Kinetics at Rotating Disk Electrode (RDE)

The ORR kinetics have been extensively investigated with electrochemical measurements using 

rotating disk electrode (RDE) techniques and the most representative advances are presented here. 

Figure 16A shows the typical RDE polarization profiles of poly-Pt at various rotation rates.276 

Poly-Pt exhibits a kinetically controlled region with an onset potential (Eonset) at ~1.0 V and 

approaches a mass transport limit at E < 0.75 V. The diffusion-limited current (Ilim) follows the 

Levich Equation.

Ilim =0.62nFAD2/3 1/2 -1/6Co
O2 (Equation 8)𝜔 𝜐

where n is the electron transfer number, F is Faraday’s constant, A is the electrode area, D is 

the diffusion coefficient,  is the rate of rotation,  is the kinematic viscosity and Co
O2 is the bulk 𝜔 𝜐

O2 concentration. On poly-Pt in 0.1M HClO4, n was calculated to be ~4.0 from the slope of the 

diffusion-limited current density ( jlim) vs.  plot (Figure 16A lower right), indicating a minimal 𝜔

amount of peroxide (H2O2 % < 1%). At E < 0.3 V, the current density drops below jlim with a 

concomitant increase in the peroxide yield, initially indicating that Hads may partially block the 

surface active sites, resulting in a larger contribution of the 2e- process. However, a recent study 

of the H2O2 reduction reaction on Pt(111) suggested that the inhibition of H2O2 reduction, at more 

negative potentials, is not dependent on the hydrogen adsorption process but rather the interface 

water reorganization and the pzfc.298 It is intriguing to observe a transition in the Tafel slope from 

60 to ~120 mV/dec at ~0.9 V as the overpotential increases to drive a higher current density in the 

positive-going direction, but a constant Tafel slope at ~70 mV/dec in the negative-going direction 

(Figure 16A, right plots). The mechanisms responsible for the transition from 60 to ~120 mV/dec 

are still under debate. Damjanovic and coworkers initially proposed it as due to a change from a 

Temkin-type to a Langmuir-type adsorption mechanism since the O-containing species is 

gradually desorbed at larger overpotentials.299,300 However, previous spectroscopic studies showed 
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that a significant number of O-containing species still exist between 0.8 and 1.0 V vs. RHE,264,296 

which questioned the validity of using a simplified Langmuir adsorption mechanism to explain the 

Tafel slope of 120 mV/dec at such potentials.  

ORR polarization profiles for Pt(111) at various pH were recorded at 2500 rpm in HClO4/NaF 

buffer solution to maintain stable pH at the interface (Figure 16B).278 A significant diminution of 

the jlim was observed as the pH increased from 1.2 to 5.6 ([H+] decreased from 63 mM to 2.5 M). μ

This seems to arise from a higher peroxide yield at higher pH, or the ORR simply being limited 

by the proton concentration. However, careful RRDE experiments clearly showed no increase in 

the peroxide yield despite the higher pH, and RDE experiments with different oxygen partial 

pressure suggested that the limiting factor was O2 rather than H+.15 The electrochemical reduction 

from HO2* to H2O2* requires one proton and one electron (Scheme 2, reaction f) and thus its 

kinetics would be slowed down at higher pH. Concomitantly, a larger portion of HO2* would go 

through chemical disproportionation (DISP) (Scheme 2, reaction n), which would lead to a loss of 

faradaic efficiency and thus a diminution of the jlim at higher pH. Therefore, the progressive decay 

of jlim at higher pH supported the existence of the aforementioned bifurcation point with the 

transition from HO2* to peroxide in Scheme 2.298,299 Further electrochemical evidence for the 

soluble nature of HO2 was revealed by adjusting the upper limit potentials (Eup) from 0.9 to 1.15 

V (Figure 16C).301 At a slow rotation rate of 50 rpm, the peak reduction current density (jp) in the 

negative-going scan noticeably increased at higher Eup. In contrast, no current overshoot was 

observed at a faster rotation rate of 500 rpm. These results suggested that a soluble intermediate 

was generated and accumulating above 1.0 V, which would go through electrochemical reaction 

at E < 0.9 V. Moreover, linear sweep voltammograms (LSVs) after holding at an Eup of 1.02 V 

(open circuit potential (OCP)) showed a sequential increase of jp as the holding time increased 

from 0 to 1, 5, 15, 30, 45, 60, 90 and 120s (labeled as a-h in Figure 16D, respectively).277 In 

summary, those electrochemical measurements clearly suggest the existence of HO2* and its 

equilibrium with soluble HO2 before participating in further electrochemical or chemical 

reactions.302

Feliu, Gómez-Marín and coworkers recently reported an in-depth electrochemical analysis of 

the multi-electron ORR mechanism by adjusting scan rates and rotation rates systematically with 

the RDE and digital simulations (Figures 16E-H).277 Based on Randles-Ševčík equations, jp in 
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LSVs should be proportional to  for fast or slow 1e transfer or n-e transfer with a first electron 𝜈

transfer as the RDS. 

jp = 0.446nFACo
O2    (Equation 9, fast/reversible); 

𝑛𝐹𝐷𝜈
𝑅𝑇

 jp = 0.496nFACo
O2 (Equation 10, slow/irreversible)

𝛼𝑛𝐹𝐷𝜈
𝑅𝑇  

where n, F, Co
O2, D are the same as Equation 8, R, T are ideal gas constant, temperature and α 

is the transfer coefficient for a slow irreversible process (jp,slow/jp,fast =0.78 for α=0.5). However, 

Figures 16E-F show that the normalization of current to , j/(nFACo ), did not result 𝜈 FDnν/RT

in a constant but rather to a decrease as  increased from 50 mV/s to 10 V/s. Moreover, a plot of 𝜈

j/(nFACo ) against normalized scan rate, , at 70 rpm (blue line in Figure 16G) D nFν/RT

exhibited a linear correlation for slow scan rates but a leveling of the reduction current as  nFν/RT

passed a threshold value of ~5, corresponding to  of ~1 V/s. The initial linear correlation suggests ν

a charge transfer process as the RDS, while the later leveling of the reduction current at faster  𝜈

indicates that the reaction rate is limited by a chemical reaction instead of a charge transfer step. 

In other words, the chemical reaction rate can no longer keep up with the growing charge transfer 

rate at faster , and thus results in a maximum “kinetic current”. During RDE experiments, a fast 𝜈

 and slow , including stationary electrode with no rotation, dictates a transient condition while 𝜈 𝜔

a slow  and fast  (e.g. 50 mV/s, 1600 rpm) defines a steady-state condition controlled by 𝜈 𝜔

convection. LSVs at 2500 rpm showed a significantly larger normalized jp, relative to 70 rpm, at 

the same scan rates (Figures 16E-F). Figure 16G reveals that j/(nFACo ) vs.  at  > D nFν/RT 𝜔

1000 rpm shows a similar transition from linear correlation to a leveling of the reduction current 

as 70 rpm but the  threshold increased from ~10 to ~20 as  increases from 1000 to 2500 nFν/RT 𝜔

rpm. This -dependence of normalized jp under transient conditions at fast  can only be explained 𝜔 ν

by the diffusion layer being controlled by a chemical reaction preceding a charge transfer step (i.e., 

a CE mechanism, vide infra) since a charge-transfer-controlled RDS would predict a linear jp-  𝜈

dependence and no -dependence. Additionally, a theoretical linear relation of normalized jp vs. 𝜔

was calculated based on Equations 9-10 for both 4e- and 1e-, fast reversible and slow ν 

irreversible processes assuming α = 0.5. Figure 16G clearly shows the deviation from the 4e- 

process as  increases and LSVs at 70 rpm and stationary cases can even reach a 1e- process or ν

below, and it requires higher  to deviate LSVs at faster  from the 4e- process. The half-life time ν 𝜔
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( 1/2) of soluble HO2* was estimated to be 1~2 ms based on the transition of normalized current 𝜏

from a linear relation to current plateau occurring at 10-20 V/s (Figure 16G), which corresponds 

to a diffusion distance of ~3 m before reacting, often too short to be detected by normal RRDE μ

measurements. 

On the basis of those observations, the COMSOL Multiphysics simulation package was used 

to study the normalized jp vs.  behavior for CE, ECE and CECE mechanisms (C and E stands ν

for chemical and electron transfer processes, respectively). The CECE mechanism in Figure 16H 

resembled the main features of the experimental observations in Figure 16G. In comparison, the 

CE mechanism failed to address the leveling of jp at fast  and the ECE could not explain the -ν 𝜔

dependence. The proposed Cs
fastE1

irrevCE3 mechanism is a fast surface chemical reaction (kforward = 

1×107 M-1 s-1) preceding an irreversible one-electron transfer reaction followed by another first-

order chemical reaction (k =1×102 s-1) and a second multi-step 3e- charge transfer reactions. The 

thermodynamic potential of the E1 is more positive than that of the E3 given that only one peak 

exists in the LSVs. The Cs
fast preceding E1

irrev reactions were described in reactions (j, i) in Scheme 

2, indicating the possibility of HO2* formation without direct electron transfer. The following C 

and E3 steps can be reactions (e) and (g, i), respectively. This CECE mechanism offers another 

explanation for the changes in Tafel slopes from 60 to 120 mV/dec in Figure 16A. The O-O bond 

breaking of HO2* in reaction (e) will be the RDS at low overpotentials when free Pt sites limit the 

reaction rate. At high overpotentials, more Pt sites are available so that the RDS is no longer that 

chemical step (e) but rather a previous charge transfer step E1
irrev (i), which explains well the Tafel 

slope of 120 mV/dec, a characteristic value for the 1e- RDS.131,303 The exact nature of CE3 is 

challenging to determine since those steps are likely after the RDS. Other possible CE3 steps could 

also be the fast protonation of O2
- (reaction d) followed by the PCET process of HO2

* to H2O2* 

and H2O (reactions, f, h, i). It is important to notice the mismatch between experiments in Figure 

16G and simulation results in Figure 16H, especially for slow or absence of rotation at faster  ν

(blue and black lines). This difference can be explained by a possible existence of parallel 

competing reactions in the diffusion layer, which can cause a faster current decay in experiments 

and loss of faradic efficiency as seen in the Levich plot.304 It is likely that the competing processes 

are the disproportionation of HO2 and/or H2O2 (reactions n and o in Scheme 2). In summary, 

comprehensive electrochemical measurements and digital simulations, for the first time, offer a 

clearer explanation of the complex CECE/DISP mechanisms for the ORR and point out the 
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important, soluble and short lifetime nature of HO2*. Again, the ORR is a complex reaction 

involving many steps and the specific experiments described here illustrate the influence of 

different rate-controlling steps/intermediates.  

4.1.3 ORR Activity of Pt Single Crystals and Effects of Steps, pH, Cation and Temperature 

With a fundamental understanding of the ORR kinetics and mechanisms, we now extend our 

discussions to the structural and environmental factors governing ORR activity, including the 

surface atomic arrangements (terraces and steps), pH and cation/anion adsorption, temperature 

effects and, in particular, the interfacial water structure at charged interfaces. The CV profile of 

Pt(111) in 0.1 M HClO4 shows characteristic H and OH ad/desorption peaks separated by a double 

layer region from 0.4 to 0.6 V vs. RHE (Figure 17A).153 OHads ad/desorption in acid shows a broad 

pre-peak from ~0.6 to ~0.75 V and a sharp reversible peak at ~0.8 V, which are associated with 

the dissociation of bulk ice-like water with repulsive H2O/OH interactions and isolated solvation 

water surrounding anions with attractive interactions following the Frumkin isotherm.305-307 In 

contrast, only a broad OH peak was observed in base, indicating larger repulsive lateral interactions. 

Single-crystal Pt(553) [4(111)×(110)] and Pt(533) [4(111)×(100)], with 4(111) terraces every (110) 

and (100) step, respectively, exhibit much sharper ad/desorption peaks in the hydrogen regions 

(Figure 17A), relative to Pt(111). Those hydrogen peaks shifted to more positive values in base, 

which was ascribed not to Hads but the replacement of Hads by OHads on steps as previously 

discussed in Section 3.1.3. 
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Figure 17. Effects of Pt surface structures and environments on H/OH adsorption and ORR activity. (A) 

CV profiles of Pt(111), Pt(553) and Pt(533) in acid and base at 50 mV/s. Red arrows indicates the positive 

shift of H peaks on (110) and (100) steps from acid to base (B) Normalized ORR current, j/jlim at 0.9 V 

during the positive-going scan on Pt single crystals in acid and base at 50 mV/s as a function of the angle 

of the surface normal to the (111) direction. (C) Simplified schematic of water orientation at a charged 

Pt(111) surface. Given the potential of zero free charge (pzfc) of Pt(111) at 0.28 V vs. SHE, the Pt(111) 

surface contains positive charges in acid and negative ones in base, respectively, under typical fuel cell 

operation potentials (0.7-1.0 V vs. RHE), which leads to preferential H-up and H-down water 

configurations in acid and base, respectively. (D) Free energies and structures of interfacial water on Pt(111) 

and Pt(332) [5(111)×(110)]. UFlip-Flop is defined as the potential at which water reorientates from H-down 

(H-dw) to H-up structures. (E) Activity plots of the kinetic current density, jk, at 0.85 V vs. RHE on Pt 

single crystals as a function of pH, which were measured by the RDE in O2-sat. NaF/HClO4 and NaF/NaOH 

buffer solution at 50 mV/s and 2500 rpm. The straight lines correspond to pH-dependent activity of Pt and 

the dashed line indicates the optimal activity of Pt(111) occurs at pH of ~9. Open square corresponds to 

Pt(111) in a NaOH/NaF mixture. (F) CV profiles of Pt(111) in Ar-sat. 0.1 M HClO4 at 283 K (solid line) 
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and 323 K (dashed line) recorded in an isothermal cell at 50 mV/s. (G) Interaction energy parameter and 

standard Gibbs free energy of Hads and OHads on Pt(111) in 0.1 M HClO4. (H) CV profiles of Pt(111) in 0.1 

M MOH where M is Li, Na, K or Cs at 20 mV/s. (A) Adapted with permission from ref. 153. Copyright by 

the authors 2013 Elsevier. (B) Adapted with permission from ref. 264. Copyright by the authors 2014 The 

Royal Society of Chemistry. (C) Copyright by the Author. (D) Adapted with permission from ref. 318. 

Copyright 2014 Elsevier. (E) Adapted with permission from ref. 278. Copyright by the authors 2017 

Elsevier. (F, G) Adapted with permission from ref. 323. Copyright by the authors 2012 Springer. (H) 

Adapted with permission from ref. 320. Copyright 2009 Springer Nature.

Figure 17B presents a comprehensive summary of ORR activities of different stepped and low-

index Pt surfaces.264,308,309 Early RDE studies showed that the ORR activity of Pt decreased in the 

order, (110) > (111) > (100) in 0.1 M HClO4 and (111) >> (110) > (100) in 0.1 M NaOH and 

ascribed the lower activity of Pt(100) to the relatively stronger inhibitory effects of OHads, which 

block Pt sites available for O2 adsorption.310,311 In acid, it is well established that the ORR activity 

increases with higher step density and stepped Pt surfaces are much more active than the three 

low-index planes (black profile, Figure 17B). Those observations in model electrodes have 

stimulated extensive efforts to prepare Pt-based shape-controlled ORR NP electrocatalysts with 

high index facets.312-314 Theoretical simulations ascribed the higher ORR activity on the stepped 

surface to the lower OH adsorption energy and smaller coordination number on (110) or (100) 

steps.315,316 The (110) basal plane, despite having the highest step density as [2(111)×(111)], 

showed a lower activity than other stepped surfaces [n(111)×(111) or (n-1)(111)×(110)] (n > 2), 

which was ascribed to too weak OH and O adsorption energies.315,316 However, such 

thermodynamic approaches with GOHads failed to explain the significant difference in ORR ∆

activity trends between acid and base. Specifically, Pt(111) exhibits the highest ORR activity, 

when compared all stepped surfaces in base and the addition of (110) or (100) steps next to (111) 

terraces only caused a monotonic activity decay (red profile, Figure 17B). Structural factors, such 

as the coverage of O-containing species and pztc, have also not resulted in satisfying explanations 

for the differences between acid and base.264,317 It is possible and likely that other significant 

changes in near-surface environment must have yet to be considered yet. For example, on Pt(111), 

the interfacial water structure in acid and base can be fundamentally different (Figure 17C). The 

pzfc of Pt(111) is 0.28 V vs SHE and pH-independent, which is closely related to the water 

orientation on surfaces (in-depth discussion of the pzfc will be covered in Section 4.1.5). Under 
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typical ORR conditions (0.7-1.0 V vs. RHE), the ORR occurs over the range of 0.64~0.94 V vs. 

SHE in 0.1 M acid (e.g. HClO4) but over -0.07~0.23 V vs. SHE in 0.1 M base (e.g. NaOH). Thus, 

a Pt(111) surface will carry a positive net charge in acid and induce an H-up O-down water 

orientation while it will exhibit a negative net charge in base and form an H-down O-up water 

configuration. Similar changes in water dipole moments on Pt(111) and stepped Pt(332) 

[5(111)×(110)] surfaces were reported with DFT calculations with a modified Poisson-Boltzmann 

(MPB) theory by combining an explicit water adlayer and modeled continuum electrolyte (Figure 

17D).318 DFT-MPB simulation showed that the potential of water orientation (Uflip-flop) on a 

stepped Pt(332) surface was ~0.4 V more negative than an Pt(111), which is consistent with the 

experimental difference in pzfc values (Figure 17B). Two structural effects of (110) steps have 

been proposed to explain the higher ORR activity of stepped Pt(332) in acid but lower activity in 

base: (1) (110) steps in Pt(332) can stabilize the H-up structure more strongly than Pt(111) in acid 

by forming an extended H-bonded network on the step and thus destabilizing the OH adsorption 

and facilitating the removal of OH from the surface. Such an effect does not exist in base since 

water has an H-down O-up orientation; (2) (110) steps can disrupt the overall H-bonded water 

network near the surface in acid and lead to a higher mobility of solution species through the water 

network compared to alkaline media. A similar argument is also applicable to explain the much 

lower HOR activity in base given the much more rigid water network in base, relative to acid 

(Figures 11A,B). In summary, besides traditional thermodynamic considerations of O species 

adsorption, the interfacial water-surface interaction and water-water H-bonded network offer 

another perspective to better rationalize the activity difference of stepped Pt surfaces in acid and 

base. 

The pH-effects of ORR activity on Pt have been thoroughly investigated on various stepped 

surfaces in acid and base with NaF as buffer with little to no specific anion adsorption (Figure 

17E).278 The kinetic current density, jk, at 0.85 V (surface-specific activity, SA) was extracted from 

ORR polarization profiles based on the Koutecký-Levich equation (1/jm = 1/jk + 1/jlim where jm is 

the measured current density). The ORR activity of Pt(111) exhibits a linear correlation in both 

acid and base with a maximum activity predicted at a pH of ~9 (dashed line in Figure 17E). It was 

proposed that the ORR activity of Pt(111) could achieve a maximum value when the onset 

potential of the ORR (~1.0 V vs. RHE), which is pH-independent vs. RHE, is close to its pzfc 

value (0.28 V vs. SHE) which is pH-independent vs. SHE. When those two values are equal, the 
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interfacial water layer has the highest degree of disorder when the ORR occurs, which allows 

solution species to repel water most easily and adsorb with the lowest energy barrier of 

reorientating water. This argument would predict an optimal pH of ~11, and the difference from 

experimental observation (optimal pH at ~9) is likely because, in base, the pzfc of Pt(111) is within 

the OHads region and the ORR kinetics are also influenced by the OH adsorption process.264,309 In 

contrast to Pt(111), the ORR activities of Pt(100) and (110) are largely pH-insensitive (blue and 

red dots in Figure 17E). This was rationalized by the fact that Pt(111) has a relatively weak OH 

adsorption over the normal ORR potential window of 0.7~1.0 V vs. RHE and OHads on Pt(111) 

tends to desorb completely at E < 0.7 V (Figure 17A). However, Pt(100) and (110) have a relatively 

stronger OH adsorption and OH only begins to desorb at E< 0.3-0.5 V. Thus, the ORR activities 

of Pt(100) and Pt(110) are mainly dictated by OH adsorption processes and much less influenced 

by the interfacial water structure. At pH < 7, stepped Pt(544), (755) (n=9, 6, n(111)×(100)) has an 

ORR activities that lies in between Pt(111) and Pt(100) and Pt(554), (775) (n=9, 6, n(111)×(110)) 

showed activity in between Pt(111) and Pt(110). At pH > 7, all stepped Pt surfaces followed the 

same trend as Pt(111) since Pt(111) is much more active than Pt(100) or (110) and largely 

determines the ORR activity. There is no data reported for a pH of 7-10 due to the strong anion 

specific adsorption on Pt in that pH range, such as carbonate or phosphate, which complicates the 

interpretation of ORR profiles.319

ORR activities of Pt can be tuned by the nature of cations and anions in the electrolyte (Figure 

17H). ORR activities of Pt(111) in 0.1 M MOH (M is the alkali cation) follow the order: Li+ << 

Na+ < K+ < Cs+.320 The addition of Li+, with its high charge/radius ratio (Z/r), induces a strong 

polarization of its nearby solvation water and has strong non-covalent interactions with OHads 

through (H2O)x M+···OHads or (H2O)x M+···HOH···OHads clusters as shown in Figure 17H. The 

interaction strength of (H2O)x M+···OHads follows an opposite order of the ORR activity, which 

suggests that those clusters may inhibit the movement of reactants to the surface and block 

available Pt sites and thus decrease the ORR rate. Koper and coworkers further studied the impact 

of alkali cations on stepped Pt surfaces and proposed that Li+ could weaken the repulsive 

interactions between OHads in the OH adlayer, facilitate OH adsorption on both (111) terraces and 

(110) steps and enhance CO oxidation kinetics.321 The anions also have a significant impact on the 

ORR activity of Pt. In anion-adsorbing acids, e.g. H2SO4, the ORR activities increased in the 

opposite order, Pt(111)  Pt(100) < Pt(110), which was ascribed to strong adsorption of SO4
2-≪
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/HSO4
2- with a strong inhibiting effect on Pt(111).322 Studies in H2SO4 can serve as a close proxy 

to sulfonic groups at the Pt/Nafion interfaces in PEMFCs.294 

The investigation of temperature effects on the electrochemical behavior of Pt can provide 

fundamentally important thermodynamic and kinetic information of H and OH adsorption,323-326 

which are critical to a fundamental understanding of the HOR and ORR kinetics, especially at the 

elevated temperatures employed in most MEA measurements (Figure 12D). Figure 17F presents 

CV profiles of Pt(111) in 0.1 M HClO4 at 283K (solid line) and 323 K (dashed line) with a negative 

shift in the OHads peak, suggesting enhanced OH adsorption kinetics at a higher temperature.323 

The potential-dependent coverage of H or OH can be calculated by integrating the charge after 

subtracting the double-layer background. The formal molar Gibbs free energies, Gf, can be ∆

calculated from Equation 11 and the lateral interaction strength among adsorbates, , can be 𝜔

estimated from the slope of Gf vs. θ plot, assuming a Frumkin-type adsorption isotherm. So and ∆ ∆

Ho can be calculated from Go at different temperatures.   ∆ ∆

                                 Gf = -zFE- RTln( ) = Go  + ·θ     (Equation 11) ∆
θ

1 ― θ ∆ 𝜔

where z is 1 or -1 for H or OH adsorption, respectively, E is the applied potential vs. RHE, and 

 is the adsorbate coverage. Positive and negative  values indicate repulsive and attractive θ 𝜔

interactions, respectively. It should be stressed that Gf
Hads/H2 and Gf

OHads/H2 represent the total ∆ ∆

reactions of 1/2H2 = Hads and H2O = OHads + 1/2H2, respectively in the electrochemical cell, 

including the RHE reaction. Figure 17G shows the temperature effects on Go and  values for the ∆ 𝜔

H and OH adsorption.323 The good linear correlations of - G0
Hads/H2 and G0

OHads/H2 vs. T validate ∆ ∆

the assumption of employing the Frumkin isotherm. H-H is largely independent of temperature  𝜔

while OH-OH steadily increases at higher temperatures, suggesting a larger repulsive interaction 𝜔

among OHads. The thermodynamic properties of Pt basal planes in acid and base are summarized 

in the first four columns in Table 1. Hads on Pt(111), (100) and (110) all exhibit negative So ∆

values, indicating that hydrogen adatoms need to a significant amount of energy to break the 

strongly adsorbed H-bonded water network. Compared to the ideal entropy loss of immobile Hads 

(-61 J/ (mol·K)) on all three Pt surfaces in UHV,324 it is important to realize that So of Pt(111) in ∆

solution (-48 J/(mol·K)) is less negative than for of Pt(100) (-56 J/( mol·K)). Thus, Pt(111) exhibits 

a S of ~13 J/(mol·K) when breaking the H-bonded water network, larger than that of Pt (100) (5 ∆

J/(mol·K)), which was ascribed to a less ordered water structure on Pt(100) due to the larger 
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mismatch between hexagonal water network and the 4-fold symmetry of Pt(100) vs. the 6-fold 

symmetry of Pt(111). Pt(110) has an even more negative So of -70 J/(mol·K), which was ∆

rationalized as its H-bonded network being strongly disfavored on this stepped surface. Hads on 

Pt(111) showed a much larger  of 28 kJ/mol, than Pt(100) (9 kJ/mol) or Pt(110) (-4 kJ/mol), 𝜔

indicating a much stronger repulsive interaction among Hads on Pt(111) (Table 1).324 Compared to 

acid, Hads on Pt(111) in base shows a more negative entropy of -63 J/( mol·K), indicating a larger 

energy barrier for Hads to break a more rigid water network, which may explain, at least in part, 

the slower HOR kinetics in base.

Table 1. Thermodynamic and kinetic properties of H and OH adsorption on Pt in acid and base. Note: acid 

and base are 0.1M HClO4 and NaOH, respectively. G, H, S and interaction parameter,  were calculated ∆ ∆ ∆ ω

from CV measurements at different temperatures (Figs. 17F-17G) based on Frumkin isotherms. Reaction 

constants, ko, were calculated by fitting the potential transient in laser-pulsed T-jump experiments based on 

Bulter-Volmer equation and Frumkin-type interactions. Rct in a was estimated from laser-induced 

temperature jump (T-jump) measurements or electrochemical impedance spectroscopy (EIS). Rct values in 

b, c, and d were measured at 0.16 V in 0.5M HClO4, 0.125-0.35 V in 0.5M H2SO4
 and 0.05 M KOH,  

respectively. Table prepared by the authors with data reproduced with permission. G, H, S and  from ∆ ∆ ∆ ω

ref 323. Copyright by the authors 2012 Springer; ko and Rct from T-jump from ref 371. Copyright by the 

authors 2020 Elsevier; Rct from EIS from ref 372. Copyright 2001 Elsevier, ref 373. Copyright 1996, and 

ref 374. Copyright 2010 American Chemical Society.       
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Figure 18. Molecular perspective of interfacial water structures at charged surfaces. (A) STM image of 

submonolayer water deposited on Pt(111) at 140 K showing an ordered structure (Vtip = 0.2 V, It = 1pA, 

left) and the corresponding schematic of a “575757” di-interstitial topological defect in a hexagonal lattice. 

The lower right figure suggests the planar hexagonal water rings have H-down configuration (brown) and 

are closer to the Pt(111) surface than the surrounding buckled pentagonal/heptagonal defect rings (yellow). 

(B) Two structural models of monolayer H2O + OH (ratio of 1:1) coadsorbed on Pt(111) based on extensive 

XAS and XPS studies. Oxygen atoms belonging to H2O and OH groups are indicated in red and green, 

respectively. The figure on the right panel shows the calculated charge density difference plot of H-O H-∙∙∙

O-H bond on Pt(111) with H2O as the proton donor (blue and red indicate gain and loss of charge, 

respectively). (C) In situ SHINERS measurements of water structural transition on Au(111) from parallel 

to “one-H-down” and finally “two-H-down” at more negative potentials, as suggested by the progressive 

shift of Raman frequency 𝜈(OH) (blue circle) and calculated number of H-bond donors (Ndonor). (D) In situ 

ATR-SEIRAS measurements of H2O at poly-Pt film in Ar-sat. 0.5 M HClO4 at various potentials (OH) and 

𝛿(HOH) represent the stretching vibration of OH and bending vibration of HOH. The figure on the right 

panel shows the transition from a weakly H-bonded H-down configuration at E < pzc (the dashed line) to a 

strongly H-bonded more flat orientation at E > pzc. (A) Adapted with permission from ref. 335. Copyright 

2010 American Physical Society. (B) Adapted with permission from ref. 337. Copyright 2010 American 
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Chemical Society. (C) Adapted with permission from ref. 341. Copyright 2019 Springer Nature. (D) 

Adapted with permission from ref. 346. Copyright 2008 American Chemical Society.

OHads on Pt showed a much bigger difference in So between Pt(111) and Pt(100) (-37 vs. 10 ∆

J/(mol·K)) than Hads.325 Similar to the difference in So
Hads, hexagonal Pt(111) can interact much ∆

more strongly with the hexagonal H-bonded water network than the square Pt(100), so that OHads 

on Pt(111) experiences a much larger entropy loss in order to break the ordered water structure. 

However, there is a fundamental difference between Hads and OHads: Hads tends to lie deep in the 

threefold hollow sites of Pt and is not integrated into the H-bonded water network (i.e. hydrophobic 

Pt-H). However, OHads bonds to the Pt surface and interacts strongly with water to form a stable 

hexagonal OHads/H2Oads mixed layer (i.e. hydrophilic Pt-OH), which can enhance the H2O-Pt 

interaction while undermining the Pt-OH interactions (detailed discussion will be covered in 

Figure 18B). In contrast to Hads, OHads on Pt exhibits positive Go and Ho values, corresponding ∆ ∆

to their total reaction of H2O=OHads + 1/2H2. OHads on Pt(111) in solution shows a Ho of 55 ∆

kJ/mol and So of -37 J/(mol·K), which can be converted to -265 kJ/mol and -200 J/(mol·K), ∆

respectively for the reaction of OH(g)=OHads and are consistent with -253 kJ/mol and -182 

J/(mol·K), respectively, measured by gas-phase OH adsorption.325 Compared to the θ-independent 

thermodynamic values for Hads on Pt(111), OHads on Pt(111) shows more positive Ho and So ∆ ∆

and a smaller  at higher θ, which was ascribed to a higher OH mobility via H transfer/tunneling 𝜔

between neighboring OH and H2O and/or a more disordered water structure at higher θOH . 

In summary, surface structures (step symmetry and density), environment (pH, surface water, 

cation/anion) and temperature have significant impacts on H/OH adsorption and ORR/HOR 

activities. Interfacial water structures will be discussed further in the following two sections (vide 

infra).       

4.1.4 Molecular Perspective of Interfacial Water Structures at Charged Surfaces 

Solid-liquid interfaces, in particular electrode-electrolyte interfaces, play a central role in 

understanding not only electrocatalysis but also many other electrochemical reactions, such as 

corrosion and a majority of energy-related technologies.327-330 We will review the recent progress 

of interfacial water structures at charged surfaces/interfaces with both ex situ atomic-scale imaging 

and modeling and in situ spectroscopic studies. We emphasize the complex structures of water and 

OH adlayers and their potential-dependent behaviors on well-defined Pt and Au single-crystals. 

To separate interfacial water from bulk water, one strategy is to investigate water with X-rays or 
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scanning tunneling microscopy (STM) on an ultraclean single-crystal surface in a UHV 

environment in which only the topmost water layers will remain on the surface. Traditionally a 

“bilayer model” of water on a solid surface has been proposed,331 which includes six water 

molecules forming a hexagonal ring with a puckered structure. The lower three water molecules 

interact strongly with the surface while the upper three water molecules are H bonded to the lower 

part. However, later a low energy electron diffraction study (LEED) showed a co-planar 

configuration of O atoms. A recent theoretical study of H2O on Ru(0001) predicted that H2O could 

partially dissociate into OH- and H+ and the mixed layer of -OH and H2O could form a much more 

stable H-bonded co-planar hexagonal water network than the conventional bilayer model.332,333 

Advances of atomic-scale STM have enabled the direct visualization of water at interfaces and 

demonstrate a variety of water structures deviating from the traditional bilayer model, such as 

planar ice chains of water pentagons on Ni(110) but hexagons on Ag(110) as well as co-planar H-

2O/OH mixed layer on Cu(110).334 Recent high-resolution STM images revealed the water 

structure on Pt(111) (Figure 18A).335 The interplay between water-water and water-surface 

interactions drives the H-bonded water network to form a 26-H2O 2D unit cell of co-planar 

hexagonal water ring, surrounded by three pairs of water pentagons and heptagons, as evidenced 

by the topological defects in the STM image (darker contrast in Figure 18A). Water molecules in 

the central hexagon lie flat and interact strongly with the Pt surface. In order to optimize H bonding 

among water, water molecules in pentagons and heptagons have dangling H bonds pointing down 

to the Pt surface and are buckled by ~0.6 Å higher than the central flat-lying hexagons.

OH is an essential reaction intermediate for both the ORR and HOR. An extensive number of 

techniques have been employed by Nilsson and others to provide a clear molecular illustration of 

H2O-HO mixed layer structures, including LEED, soft X-ray absorption spectrometry (XAS), X-

ray photoelectron spectroscopy (XPS), Auger electron spectroscopy, and DFT simulations (Figure 

18B).336,337 H2O-HO (1:1 ratio) on Pt(111) has two types of structural models: (3×3) and ( 3

x )R30o with different symmetry, but the same hexagonal co-planar structure. Both models show 3

a shorter O-O distance with OH as an H acceptor (2.66, 2.73 Å, bonds a and c, respectively) and a 

longer O-O distance with OH as an H donor (3.16, 3.02 Å, bonds b and d, respectively). This 

clearly shows that OH is a strong H-acceptor but a poor H-donor for forming H bonds, owing to 

its negatively charged O center. H2O and OH exhibit a cooperativity effect between H-bonding 

and surface bonding. In order to optimize the H-bonding network, the co-planar structures enhance 
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the H2O-Pt interaction but weaken HO-Pt interaction. Such an interplay can be clearly seen from 

the calculated charge density difference plots (Figure 18B, right). The loss of charge density 

between H2O and Pt minimizes the Pauli repulsion and stabilizes H2Oads on Pt while the flat HO 

configuration is less favorable for HO-Pt interactions, which is compensated by forming a strong 

H-bond with H2O. This cooperativity effect through charge redistribution enhances the overall 

stability of the mixed H2O/OH layered structure.

Although experiments and simulations in vacuum provide an atomic-scale illustration of 

surface water structures, it is necessary to move beyond the first 1-2 layers and study the dynamic 

environment of liquid water near the surface in situ, under applied potential.338-340 Tian et al. 

recently combined in situ Raman (SHINERS) and ab initio molecular dynamics (MD) to track the 

water reorientation on charged Au(111) surfaces (Figure 18C).341,342 Owing to its 

electrochemically inert surface, Au can endure potentials as negative as -2.2 V vs. the pzc of 

Au(111) (pzc value: 0.48 V vs. SHE) before hydrogen evolution ensues in 0.1 M Na2SO4 (pH=7). 

Figure 18C illustrates that toward negative potentials, water evolves from an initially structurally 

“parallel” to a “one H-down” configuration beyond -1.29 V vs. pzc and finally to beyond “two H-

down” arrangement after -1.85 V vs. pzc. Concomitantly, the average number of H-bond donors 

(Ndonor) decrease from 1.2 to only 0.7, indicating a significant increase of dangling unsaturated H-

bonds. A similar water configuration of H pointing down with unsaturated H-bonds on Au and Pt 

thin films was also reported by Salmeron and co-workers using in situ XAS in a surface-sensitive 

total electron yield mode.343,344 

The dynamic water structures on Pt are more complex due to the co-adsorption of H or OH 

below or above the double-layer regions.337,345 Osawa et al. employed in situ SEIRAS to 

investigate the water structure on Pt thin films in 0.1 M H2SO4 (Figure 18D).346 IR peaks at 3550-

3590 cm-1 and 1600-1645 were assigned to the O-H stretching ν(OH) and HOH bending 𝛿(HOH), 

respectively. In the Hads region, as E increased from 0.05 to 0.4 V, both ν(OH) and 𝛿(HOH) modes 

exhibited an intensity decay and were red shifted to lower wavenumbers (3550 to 3515, 1611 to 

1600 cm-1, respectively). Such changes were ascribed to the formation of a more planar water 

orientation at higher potentials since the IR intensity is proportional to α·cos2φ where α and φ are 

the IR absorption coefficient and the tilting angle of the water dipole from the surface normal, 

respectively. A new peak at 3040 cm-1
 emerged beyond 0.25 V vs. RHE, which is characteristic of 

strongly H-bonded water molecules as in ice (labeled as “ice-like”).347 In the double-layer region 
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(0.4-0.6 V vs. RHE), new peaks emerged at 3590 cm-1 (ν(OH)) and 1645 cm-1 (𝛿(HOH)) which 

were assigned to the more vertical second layer of water in response to a planar orientation of the 

first-layer water (Figure 18D, upper Scheme). The transition of the water structure is illustrated in 

the right scheme of Figure 18D: The water network near the Pt surface changes from a weakly H-

bonded with H-down network at E < pzc to a strongly H-bonded ice-like network, close to the 

planar configuration at E > pzc (pzc of poly-Pt is ~0.25 V vs. RHE). This ice-like feature at ~3000 

cm-1 exists on Pt even when E is up to 1.2 V, well above the pzc, which is in contrast with Au with 

a similar feature only around the pzc,347 which is probably due to the much stronger H2O-Pt 

interaction, relative to H2O-Au. The existence of the ice-like water at ~3000 cm-1 in the OHads 

region (0.7-1.2 V) would imply that the strongly H-bonded network among H2O still exists. If a 

strong H-bond between H2O and HO occurs, the authors anticipated a peak shift from 3000 to 

3200 cm-1, which was not observed in their experiments. We believe such a contradiction may 

come from the unresolved interaction between H2O-OH and H2O-H2O as well as their interaction 

with the Pt surface. If Nilsson’s model is valid for the first layer of H2O/OH in the OHads region 

on Pt in liquid (Figure 18B), given the planar nature of OH, it will not show up in the IR spectra. 

In this case, other techniques, such as Raman or X-ray methods,348,349 may offer new opportunities 

to further elucidate the water structure on Pt. In summary, this section briefly summarized the 

current understanding of surface water structure and its dependence on applied potentials. With 

the continuous development of in situ techniques and simulations capable of handling both surface 

interaction and bulk water, we anticipate more exciting breakthroughs in deciphering the water 

structure on metal (and more complex metal oxide) surfaces under applied potentials. 

4.1.5 Potential and pH-Dependent Interfacial Water Structures: Potential of Zero Charge 

and Potential of Maximum Entropy         

Our understanding of interfacial properties of water at charged surfaces and interfaces have 

been greatly enhanced by the determination of the potential of zero charge (pzc) and potential of 

maximum entropy (pme).350-352 Given that pseudocapacitive H and OH adsorption on Pt interferes 

the determination of the pzc, two types of pzc have been defined: potential of zero total charge 

(pztc) and potential of zero free charge (pzfc). The pztc defines the potential at which the free 

charge in the double layer is exactly balanced by the “chemical charge” of chemisorbed species 

on an electrode surface. The pzfc represents the potential at which no extra cation or anion exists 

in the double layer and corresponds to the true charge determining the electric field at the interface. 
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In other words, the pzfc is the analogue of the pzc of metal surfaces without the impact of H or 

OH adsorption and, thus, is closely related to the interfacial properties of water dipoles. The pme 

defines a potential at which surface water has the highest degree of disorder and reorients between 

H-up and H-down modes. Here, we will review the basic methodology to determine the pzc and 

pme of Pt and their dependence on step density, particle sizes, solution pH as well as their 

correlation to H and OH adsorption. 

Figure 19. Quantitative descriptors of interfacial water structures: potential of zero charge (pzc) and 

potential of maximum entropy (pme). (A) Methods to measure potential of zero total charge (pztc) and 

potential of zero free charge (pzfc) in the charge-potential plot of Pt(111) in 0.1 M HClO4. pzfc values can 

be extrapolated from the double-layer region to H adsorption region. Solid and dashed lines show the 

uncorrected and corrected values of pzfc and ptzc, respectively, to account for the residual charge on CO-

covered surface. Squares are the opposite of CO-displaced charges. (B) Local and overall pztc values 

extracted from both CO and N2O charge displacement experiments as a function of step density of Pt[(n-

1)(111)×(110)] since N2O has weaker adsorption on Pt surface than CO and can probe the local pztc on 

steps and terraces separately. Open symbols correspond to uncertainty in deconvolution of N2O reduction 

peaks at high step density (n < 6). (C) Upper panel: CV profiles of Pt(111) at pH = 5 (blank in the black 

curve, peroxodisulfate (PDS) reduction in red and N2O reduction in blue). Lower panel: comparison of 

local pzfc from PDS, local pztc from N2O reduction and local pme for (111) terraces of Pt[(n-

1)(111)×(110)]. (D) Changes in pztc (open triangles) and pzfc with a charge constant of 0 (open squares) 
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and 18 C/cm2 (open triangles) in 0.1 M HClO4 and corresponding working function values tested in UHV μ

(open and filled squares, respectively). Upper and lower X-axes are step width, n, and step density for Pt[(n-

1)(111) )×(110)]. (E) Laser-induced temperature-jump (T-jump) measurements of coluostatic potential 

transients of Pt(111) at various potentials (vs. RHE) in 1 mM HClO4 + 0.1 M KClO4 (pH=3). The 

illustration shows the schematic of water dipole reorientation for H-down to H-up structures around pme. 

(F) pH-dependent pme and pztc values of Pt single crystals in HClO4/NaClO4 solution. Lines are drawn to 

indicate the tendencies of pztc values, and they are reproduced in the left for easier comparison between 

pme and ptzc values. (G-H) pme values of (110) step and (111) terrace of Pt[(n-1)(111) )×(110)] surfaces 

in 0.1 M HClO4 (squares), 0.1 M KClO4 + 1 mM HClO4 (circles) and 0.1 M NaOH (triangles). (A, D) 

Adapted with permission from ref. 351. Copyright 2006 Springer. (B) Adapted with permission from ref. 

354. Copyright 2002 Elsevier. (C) Adapted with permission from ref. 358, 359. Copyright 2019 Elsevier. 

(E) Adapted with permission from ref. 364. Copyright 2008 American Chemical Society. (F) Adapted with 

permission from ref. 367. Copyright 2009 American Chemical Society. (G, H) Adapted with permission 

from ref. 371. Copyright 2020 Elsevier. All figures have Copyright by the authors. 

The pztc can be determined from CV measurements and CO displacement experiments since 

CO is a neutral probe that does not induce charge transfer during adsorption. The integrated charge 

after subtracting the CO displacement charge is presented in Figure 19A.351 The pztc of Pt(111) 

was measured as 0.33 V vs. RHE in 0.1 M HClO4 from the X-intercept of the q vs. E plot (solid 

line). Since the double-layer region is free of H or OH adsorption on Pt(111), the charge is only 

related to the free charge in the EDL; the pztc and pzfc are equal in this case. Thus, assuming a 

constant double-layer capacitance, the free charge can be extrapolated from the double layer to 

Hads region to obtain the pzfc of Pt(111) as 0.16 V vs. RHE. However, the CO-covered surface still 

maintains a small residual charge of 10-15 C/cm2. After correcting for the residual charge, the μ

pztc and pzfc of Pt(111) are 0.39 and 0.34 V vs. RHE, respectively353 (X-intercept with dashed 

lines, Figure 19A). The pztc of Pt(111) showed a pH-dependent behavior of 0.39 and 0.70 V vs. 

RHE (i.e. 0.32 and -0.076 V vs. SHE) at pH = 1 and 13, respectively. In contrast, it is remarkable 

that the pzfc of Pt(111) is pH-independent vs. SHE and remains nearly constant of 0.28 V vs. SHE, 

which is near the double-layer region without significant influence from H or OH adsorption. It 

represents an intrinsic property of the electrochemical double layer (EDL) and serves as a reference 

point for other systems. Pt(100) and Pt(110) exhibit pztc values of 0.42 and 0.22 V vs. RHE in 0.1 

M HClO4, being higher and lower than that of Pt(111) (0.39 V), respectively. The pztc values of 
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poly-Pt were reported to be ~0.29 V vs. RHE in 0.1 M HClO4 as the average of the three basal 

planes.358   

The impact of step density on the pztc of stepped Pt [(n-1)(111)×(110)] surface was investigated 

in 0.1 M HClO4 with both CO displacement and N2O reduction as molecular probes (Figure 

19B).354,355 Owing to its unique weak adsorption, N2O molecules are able to show two distinct 

adsorption/reduction peaks on steps and terraces and are sensitive to the local pztc values. As step 

density increases (smaller terrace width, n), the local pztc values of (110) steps progressively 

increase from 0.14 V vs. RHE and approaches that of the Pt(110) basal plane (~0.2 V) while the 

local pztc values of (111) terraces decrease from 0.4 V. This suggests a growing charge 

redistribution between steps and terraces at higher step densities. On Pt(111) (n=∞), it is interesting 

to observe that the pztc from N2O is 50 mV higher than that from CO. H2O tends to naturally 

adsorb on Pt with a slightly H-up O-down configuration without applied potential due to the 

interaction between O and Pt. Since N2O is a weak probe and needs to repel water first before 

adsorption, it is reasonable to anticipate that more positive potentials will be required for N2O to 

repel the site-blocking H-up H2O dipole than CO.354 

In addition to the neutral probe of N2O, peroxodisulfate (S2O8
2-, PDS) serves as a unique charged 

probe to resolve the local pzfc of terraces and steps.356,357 The PDS reduction proceeds with 

significant current over a narrow potential range with the reduction current dropping to zero at 

more positive or negative potentials (Figure 19C, upper panel).358 Since the PDS reduction requires 

a positive electrode charge and will be inhibited when the electrode charge becomes negative, the 

PDS reduction potential at zero current density can approximate the local pzfc value. The pzfc 

values of Pt(111) (~0.30 V. vs. SHE), based on PDS reduction at various pH, are consistent with 

the pzfc values from CO displacement method and pme values.358 The pzfc of (111) terraces of 

[Pt(n-1)(111)×(110)], determined from PDS reduction at pH = 5, exhibit a similar trend of higher 

pzfc values at higher step density to the pme values but are opposite to the local pztc values from 

N2O reduction (Figure 19C, lower panel).359 The difference between PDS and N2O reduction 

measurements possibly originates from the lack of sensitivity of the neutral N2O molecule to 

follow the variation of free charge, relative to the sensitive PDS anion. Given that the local work 

function of (111) terrace would remain constant, regardless of step density, the positive shift of 

the pzfc values from PDS reduction at higher step density is correlated to the effects of steps on 

the interfacial water network. PDS adsorbs more easily on Pt surfaces with a less organized water 
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network caused by the increasing interruption at higher step density. In addition, PDS reduction 

points out a second pzfc of Pt(111) at a high potential of ~0.70 vs. SHE, corresponding to the 

transition from positive to negative free charge caused by the oxidation of Pt, as initially proposed 

by Frumkin and Petrii.350  

On stepped Pt surfaces, the correlation among the pztc, pzfc in solution and work function 

measured in UHV sheds new insights on the fundamental properties of the Pt/solution interface 

(Figure 19D).360 The pztc exhibits a decaying trend and then reaches a relatively stable value (open 

triangles in Figure 19D), while the work function exhibits a linear correlation with a slope of 0.6 

Debye, which is directly related to the intrinsic dipole moment of the step, measured in UHV. 

From the previous discussion, we know that the pzfc is free of chemisorption and more relevant to 

the intrinsic properties of surface. Thus, despite some uncertainty, the pzfc values of stepped Pt 

surfaces were estimated by extrapolating the q vs. E plot from the double-layer region to a charge 

constant of 18 C/cm2 (open circles in Figure 19C) to mitigate the large uncertainty of μ

extrapolating to the H adsorption region (open squares in Figure 19C). Remarkably, the pzfc values 

showed a trend with a slope similar to that of the work function values. This implies that a similar 

dipole effect is associated with the steps in both electrochemical and UHV measurements, and, 

indirectly validates the analysis of the pzfc of stepped Pt by the CO displacement method. With 

more accurate pzfc values, we anticipate that the differences between the pzfc and work function 

values may reveal additional information about the modification of the surface potential due to the 

interaction between water dipoles and the intrinsic dipole moment of the step. For instance, the 

water dipole may neutralize the excessive or deficient charge on steps, leading to a reduction in 

surface potential and a smaller slope of pzfc vs. step density than that of the work function. The 

size and morphology of Pt nanoparticles (NPs) also have an impact on the pztc values, which, in 

turn, affects the catalytic activity.361 Mayrhofer et al. reported that, as the Pt particle sizes decrease 

from 30 to 1 nm, the pztc values decrease by 35 mV, which corresponds to a progressive increase 

of OH coverage at 0.85 V vs. RHE as well as an increase of OH binding strength.362 This size-

dependence significantly influences catalytic activity. 1 nm Pt NPs showed a much smaller specific 

ORR activity (0.8 mA/cm2) than that of 30 nm (4 mA/cm2) but a much higher CO oxidation activity, 

which was ascribed to the enhanced OH adsorption on smaller particles. 

Besides the pztc and pzfc, the pme for the double-layer formation can be measured by the laser-

induced temperature-jump (T-jump) method which provides new opportunities to investigate the 
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potential-dependent water dipole and to deconvolve water from H/OH adsorption. The pme is 

closely related to the pzfc and stepped Pt surfaces show a good correlation between the local pme 

and pztc from N2O displacement experiments on steps and terraces. The T-jump method applies a 

nanosecond laser pulse to abruptly raise the temperature of the interface by 10-30 K. The 

coulostatic change of the potential transient, caused by the temperature perturbation, measures the 

thermal coefficient of the potential drop in the EDL, ( ) where  is the potential drop at 
∂Δ𝑀

𝑆 𝜙
∂𝑇 Δ𝑀

𝑆 𝜙

interface and T is the temperature. This thermal coefficient was related to the double-layer 

formation entropy with the following expression derived by Benderskii et al.363 

( )q  =         (Equation 12)
∂Δ𝑀

𝑆 𝜙
∂𝑇 ―(

∂Δ𝑆
∂𝑞 )

When the thermal coefficient is equal to zero,  is also zero and the  vs. q plot achieves a 
∂Δ𝑆
∂𝑞 Δ𝑆

maximum point, which corresponds to the pme for the double-layer formation at which water 

achieves a maximum level of disorder. Figure 19E shows a typical potential transient for Pt(111) 

in 1 mM HClO4 + 0.1 M NaClO4 (pH=3).364-366 Although the value of  cannot be accurately 
∂Δ𝑀

𝑆 𝜙
∂𝑇

measured, given the challenges of determining , the sign of the potential transient provides ΔT

critical information. As the applied potential increases from 0.35 to 0.65 V vs. RHE, E changes ∆

from negative to positive values and becomes nearly zero at E = 0.48 V vs. RHE (0.30 V vs. SHE), 

which corresponds to the potential at which  = 0, i.e. the pme. At this point, the sign change 
∂Δ𝑀

𝑆 𝜙
∂𝑇

of the potential transient corresponds to the change of water orientation and dipole moment, from 

H-down with a positive dipole near the surface to a H-up configuration with a negative dipole near 

the surface (Scheme in Figure 19E). 1 mM HClO4 was selected to lower the influence of H 

adsorption and a pH close to 7 could lower the thermodiffusion potential of protons to a minimum 

level. 365,366 Figure 19F summarizes the impact of pH on the pme values of the three basal Pt planes 

and establishes the correlation with pztc values.367,368 The trends of pztc values at different pH 

values were plotted (solid lines) with pme values for better comparison between them. Pt(111) 

exhibits very similar trends in pme and ptzc values at various pH values, suggesting that the free 

charge density is close to the total charge density. Both the pme and pztc of Pt(111) show a pH-

dependence of 60mV/pH vs. RHE. The pme of Pt(111) remains constant at 0.3 V vs. SHE when 

the pH changes from 1 to 6,369 suggesting that the pztc is mainly governed by the free charge 

density and remain close to the pzfc of Pt(111) (0.28V vs. SHE). When examining the data more 
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carefully, the pme values of Pt(111) are always lower than the pztc values by ~50 mV (black closed 

squares vs. black line), which coincides with the 50 mV difference in pztc between CO and N2O 

measurements (Figure 19B). This, again, suggests that water has a small net H-up orientation on 

Pt (111) in the absence of an electrical field. In sharp contrast, pztc values of Pt(100) and Pt(110) 

are largely pH-independent vs. RHE (i.e. pH-dependent vs. SHE) (Figure 19F, right), suggesting 

that their pztc values are mainly dictated by H adsorption in acidic media (recall the H peak 

positions of (110) and (100) in Figure 17A). Both Pt(100) and Pt(110) exhibit higher pztc values 

than pme values, indicating that the total charges are composed by not only the free charges but 

also some excess charge corresponding to Hads. The pme values of Pt(100) and Pt(110) exhibit a 

pH-dependence of 30 and 15 mV/pH, respectively, implying different effects from H adsorption. 

At pH = 3, the pme of Pt(111) is higher than Pt(100) and Pt(110), by ~0.10 and ~0.32 V, 

respectively, which are consistent with the differences in their work functions (Pt(111), (100), 

(110): 5.93, 5.84, 5.67 eV, respectively).370 Similarly, a recent study of various adatoms on Pt(111) 

showed that Bi and Pb, with lower work function values, than Pt(111) led to lower pme values, 

while S and Se, with higher work function, than Pt(111), led to higher pme values.360 The close 

correlation among pme, pzfc and work function provides new insights about the interactions 

between water dipole and surface charge dipole. 

In a recent report , the effects of step density on the pme, particularly in alkaline media, were 

investigated with Pt [(n-1)(111)×(110)].371 The potential transients on stepped Pt also showed two 

local maxima, corresponding to local pme for steps and terraces, respectively (Figure 17G), which 

is similar to the local pztc measured by N2O. Overall, the pme values of (110) steps (0.1~0.3 V) 

are much lower than those of (111) terraces (0.4~0.7 V), which is consistent with the differences 

in local pztc of steps and terraces from N2O measurements as shown in Figure 17B. The pme 

values of (110) steps are largely unchanged with increasing step density in both acid and base and 

show a pH-dependence of 12 mV/pH vs. RHE (~50 mV/pH vs. SHE), smaller than a typical Nernst 

shift of 59 mV/pH vs. SHE. The non-Nernstian pH-shift has been ascribed to the modification of 

the interfacial water network by the co-adsorption of cations in solution (Figure 10D). In contrast 

to (110) steps, the pme of (111) terraces exhibits a strong pH-dependence vs. RHE. In acidic media, 

the pme on Pt(111) terraces continues to increase at higher step densities. As previously discussed, 

the pme in acid is smaller than the pzfc due to the natural H-up configuration in the interfacial 

network. The introduction of steps can disrupt the H-bonded network and requires a less negative 
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charge to turn over the H-up structure and, thus, displace the pme value closer to the pzfc. In 

alkaline media, the pme showed the opposite trend, decaying at higher step density. Pt(111) 

terraces would show an H-down structure in base (Figure 17C), and the disruption of the water 

structure caused by steps would shift the pme to lower values. Another possibility is that OHads is 

more favored to adsorb on (110) steps than on (111) terraces, and can induce a positive image 

charge on terraces, which would require a more negative potential to achieve the pme. The 

undesirable interference of H and OH adsorption on the pme can actually be used to investigate 

the H adsorption kinetic properties. The time-dependent potential transient profiles was used to 

extract thermodynamic properties in Table 1 by simulation based on the Bulter-Volmer equations 

and assuming the Frumkin-type interactions.367 The reaction rate constant, ko, and charge-transfer 

resistance, Rct can be calculated from this strategy (Table 1, right two columns). Pt(111) exhibits 

a ko of 104.5 s-1 for Hads in acid, which is one order of magnitude higher than that of Pt(100) (103.4 

s-1), suggesting a much faster H adsorption/desorption process on Pt(111) than on Pt(100). 

Concomitantly, Pt(111) shows a Rct of 21-25 mΩ·cm2, less than 10% of that of Pt(100) (150-500 

mΩ·cm2), which is consistent with the Rct values measured by electrochemical impedance 

measurements (EIS).372-374 It is interesting to note that the ko of OHads on Pt(111) in acid is 104.7 

s-1, comparable to that of Hads under the same conditions, which is consistent with the sharp 

reversible OHads feature observed on Pt(111) in acid (Figure 17A). 

In summary, the interfacial water structure can be described well by the pztc, pzfc and pme. The 

impact of steps, pH and particle sizes on those values reveal the interactions between water dipoles 

and the metal surface and how on steps, H or OH adsorption may influence the H-bonded water 

network. This analysis highlights a fundamentally important aspect: the interfacial water structure 

often plays an instrumental role in determining the surface activity, and continuous efforts should 

be invested in this area to provide more rational guidance for regulating catalyst activity.    

4.2 Non-Precious ORR Electrocatalysts

After two-decades of extensive research and development, PEMFCs have achieved an initial stage 

of commercialization for electric vehicles. Nonetheless, even at large-scale, PEMFCs still require 

a significant amount of expensive Pt-based catalysts for the ORR in part because, 

thermodynamically, non-precious catalysts such as 3d transition metals, are not stable in acidic 

media. As an emerging alternative, AEMFCs have drawn increasing attention because they can 

enable the use of non-precious metal electrocatalysts and effectively mitigate carbonate 
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precipitation issues.13 Non-precious catalysts, such as 3d metals or metal oxides, perovskites and 

metal-containing N-doped carbon (M-N-C), are attractive for their low cost, promising activity 

and durability. The recent development of anion exchange membranes (AEMs) with high ionic 

conductivity and stability, have advanced a variety alkaline-based energy technologies, such as 

fuel cells, water electrolyzers and CO2 reduction.375-377 AEMFCs are now able to demonstrate 

comparable initial performance, using non-precious ORR catalysts, to PEMFCs using Pt-based 

catalysts.16 While the development of non-precious ORR and HOR electrocatalysts show 

promising progress, it is pivotal to assess the stability of non-precious catalysts and AEMs in 

alkaline media during fuel cell operation. Preliminary assessment of non-precious metal catalyst 

stability has been performed mainly in RDE measurements. More realistic durability tests require 

MEA testing.  

In this section, we will outline the fundamental ORR mechanisms of non-precious metal 

catalysts, especially metal oxides, nitrides and M-N-C, and their catalytic mechanisms in alkaline 

media. We will discuss several structural descriptors to rationalize the ORR activity trends and 

provide new design strategies for non-precious catalysts, such as oxygen binding strength, eg 

electron occupancy, M-O bond covalency, surface strain and oxygen vacancies. We are 

particularly interested in using single-crystal metal oxides, with well-defined surface structures, to 

better understand the structure-(re)activity relationship(s) and potentially identify the ORR active 

site(s). Single-crystal oxides enable the use of operando X-ray diffraction and spectroscopy to 

correlate the activity to structural/compositional changes of oxide surfaces under operating 

conditions (details covered in Section 9). Particular emphasis has been placed on the design and 

synthesis of 3d metal spinel nanocrystals as ORR electrocatalysts, in particular Co-Mn spinels, 

which have demonstrated MEA performances comparable to that of Pt/C. We will review the 

recent progress of metal nitrides and M-N-C and discuss their ORR activity and stability in alkaline 

media. Additionally, other non-Pt precious metal catalysts, such as Pd, Ru and Ag-based alloys, 

have demonstrated ORR activity close to Pt in alkaline media and can diversify options of ORR 

electrocatalysts for automotive applications that demand very high energy and power densities (in 

comparison, Pt remains as the sole element in Pt-group metals (PGMs) element highly active for 

the ORR in acid). We anticipate that these studies will provide a unified picture of ORR 

mechanisms of both precious and non-precious electrocatalysts in alkaline media.         

4.2.1 Non-Precious Oxide and Nitride Electrocatalysts for the ORR      
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The general ORR mechanisms on transition metal oxide surfaces can be simplified by a four-step 

PCET process in which water serves as the proton donor in alkaline media (Figure 20A). The 

reversed cycle can also be used to describe the oxygen evolution reaction (OER) with a certain 

level of similarity. Several other recent reviews have pointed out the parallel between the ORR 

and the OER on oxides.38,378,379 It has been proposed that the competition between the O2
2-/OH- 

displacement in step 1 and OH- regeneration in step 4 determine the overall ORR rate in alkaline 

media. Goodenough et al. first discussed the ORR mechanism on rutiles and pyrochlores via the 

exchange between OH- and O2
2-/O2,ads

- and suggested that the exchange rate depends on the M-

OH binding strength and the protonation of surface OH species at different pH values.380 In 

particular, an oxygen binding strength that is too weak can hinder the displacement of surface OH 

by O2
2- species, while too strong of an oxygen binding strength would limit the surface OH 

generation. The O2
2-/OH- displacement is followed by the protonation of M-OO with protons from 

water (step 2) and M-OOH transforms to M=O with the breaking of the O-O bond (step 3). Those 

four steps may involve the periodic changes of metal oxidation states, which can be probed by 

operando spectroscopic methods. In step 1, negative charged species, such as OH-, from solution, 

can accumulate and adsorb on metal oxide surface sites such as unsaturated metal sites since the 

pH of the testing solution is often 13 or above, higher than the typical pH of zero charge (pHpzc) 

of most oxides (7~11).381-383 The ORR mechanisms on oxide surfaces are similar to the 

aforementioned ORR mechanisms on Pt surfaces in base (Scheme 2) since both involve the 

generation of O2
- and/or O2

2- species on surfaces and/or in solution. However, compared to Pt 

surfaces, it is much more challenging to distinguish the O-containing species formed during the 

ORR on oxide surfaces given that oxygen naturally exists in metal oxide lattices. Given that 

peroxide is commonly detected from oxide catalysts with the RRDE, it is reasonable to postulate 

that the O2
- or O2

2- species adsorbed on oxide surfaces can diffuse in solution and disproportionate 

into more stable forms of peroxide or water. The reaction intermediates and pathways on oxides 

are largely unexplored and remain as an active area for further investigation.    

Page 98 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



98

Figure 20. ORR mechanisms on oxide surfaces and proposed activity descriptors. (A) A possible ORR 

mechanism on metal oxide surfaces in alkaline media. Oxygen in blue and red represent species in solution 

and lattice oxygen, respectively. (B) Overpotentials for the ORR as a function of eg electron occupancy on 

various perovskites (C) Schematic of band structures of typical perovskites, LaCoO3 and La1-xSrxCoO3 with 

the latter one having larger Co 3d/O 2p band overlap (i.e. larger M-O covalency). (D) Correlation of OER 

activity of La1-xSrxCoO3-δ with the oxygen vacancy parameter, δ. (A) Copyright by the Author. (B) Adapted 

with permission from ref 379. Copyright by the authors 2015 Royal Society of Chemistry. (C, D) Adapted 

with permission from ref 408. Copyright 2016 Springer Nature. 

Figure 20A shows one possible simplified ORR mechanism on oxides in which all O species 

in the reactants, O2 and H2O and products, OH-, are all from solution (marked in blue) and no 

lattice oxygen (marked in red) participates in the ORR process. However, the actual ORR 

mechanisms on oxide surfaces can be more complex and may vary depending on the coordination 

environment of the transition metal sites. Early differential electrochemical mass spectrometry 
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(DEMS) studies on RuO2 and IrO2 particles reported lattice oxygen participating in the OER with 
18O isotope experiments.384,385 Recent quantitative DEMS studies of Co3O4 NPs by Baltruschat 

and coworkers showed that 10-30% of the surface lattice oxygen participated in the OER via an 

oxygen exchange mechanism.386 Another DEMS study showed the involvement of lattice oxygen 

in more covalent SrCoO3-δ and La0.5Sr0.5Co3-δ but not in less covalent LaCoO3 particles.50 It is 

worthwhile to point out that the detection sensitivity of DEMS largely depends on the cell 

geometry, and the recently developed dual thin-layer flow cell DEMS could provide enhanced 

collection efficiency to increase the reliability of the DEMS analysis.387-391 Those studies suggest 

that the oxygen electrocatalysis can occur with the protonation of lattice oxygen and subsequent 

displacement by O2
2- generated during the ORR, which may induce the formation of oxygen 

vacancies during the lattice oxygen exchange. SrCoO3-δ and other perovskites have been reported 

to have pH-dependent OER activities vs. RHE,50 indicating that the RDSs of oxygen 

electrocatalysis is not a concerted PCET process and that the proton transfer can be decoupled 

from the electron transfer process. 

To rationalize the ORR/OER activity trends, several activity descriptors of oxides have been 

proposed. Among those studied oxides, the crystal family of perovskites have gained particular 

attention due to their great structural tunability and promising activity since the initial discovery 

of La0.8Co0.2Co3 as an active ORR catalyst in alkaline media in 1970.392 Trasatti first correlated 

the OER activities of various perovskites, spinels, and rutiles to the enthalpy of the lower-to-higher 

oxidation state transition, which was used as an approximation of the M-O bond strength.393 

Bockris and Otagawa put together the molecular details by arguing that the OER activities should 

correlate with an increase of the d-electron count, proposed as an approximation to the occupancy 

of the antibonding orbital of M-OH, which reflects a decrease of the M-O bond strength. They 

proposed a hypothetical Volcano plot with LaNiO3 having at an optimum M-OH bond strength 

and OER activity and further suggested the possible RDS to be the electrochemical formation of 

peroxide-like species (M-OH + -OH = M…H2O2 + e-).381,394,395 Recognizing the crystal-field 

theory in the electronic structure of oxides, Matsumoto and coworkers established a correlation 

between the OER activity of perovskites and the overlap between the eg-parentage band of 

transition metals and the spσ orbital of O or OH, 396-399 which indicated an RDS of the M-OH/M=O 

transition as shown in the reverse of step 4 in Figure 20A. Building on the work by Bockris and 

Matsumoto, Shao-Horn and coworkers reported the consideration of the eg orbital occupancy 
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through the picture of the localized metal-oxygen interaction. By investigating the ORR/OER 

activity trends on a series of ABO3 perovskites, they established the correlation between the eg 

occupancy of the octahedral B sites and ORR/OER activity, and framed the mixing between the 

eg-parentage and O 2p orbitals as the descriptor.400-403 From a molecular orbital perspective, the 

hybridization of metal d orbital and O 2p orbitals, in an octahedral coordination environment, leads 

to the crystal-field splitting of five degenerate d orbitals into two higher-energy eg orbitals (dz2, dx2-

y2) and three lower-energy t2g orbitals (dxy, dxz, dyz).404,405 The eg occupancy model assumes that the 

eg orbitals, which have σ-character, interact more strongly with the O-2pσ orbitals than the t2g, 

which have -characters.400 The advantage of this approach is that the eg electron occupancy of 𝜋

the B sites can be experimentally determined from the oxidation and spin states by bulk XAS and 

magnetic measurements. As shown in Figure 20B, perovskite oxides with a low eg occupancy of 

B sites (eg < 1, left branch) tend to bind oxygen too strongly, leading to a slower step 4, while 

oxides with a high eg occupancy (eg > 1, right branch) bind oxygen too weakly, hindering step 1. 

The presence of a single eg electron can destabilize the B-OH bond and replace it with a more 

stable B-OO bond, leading to enhanced kinetics of the O2
2-/OH- displacement. However, the eg 

occupancy alone cannot explain the ORR activity trends, for example, LaNiO3 > LaCoO3 > 

LaMnO3, which share nearly the same eg electron number. The M-O covalency was then proposed 

as a secondary descriptor: LaNiO3 has a larger M-O covalency (i.e. stronger M d-O p 

hybridization), which can facilitate the electron transfer between M and O and benefit the O2
2-/OH- 

exchange on B sites.387 Similar ORR activity trends of spinels were correlated to eg occupancy in 

octahedral sites of AB2O4 normal spinels, where A and B, represent the tetrahedral and octahedral 

sites, respectively, estimated by extended X-ray absorption fine structure (EXAFS).406 However, 

one needs to be cautious about the accuracy of quantifying metal valences and occupancy in 

different sites since XAS and magnetic measurements are average signals of bulk materials and 

cannot describe surface electronic structures or the existence of heterogeneity. Recently developed 

scanning transmission electron microscopy (STEM) imaging and electron energy loss 

spectroscopy (EELS) offer opportunities to explicitly characterize the surface structure and 

composition, at the atomic scale, and assess bulk/surface differences (Section 8.2).407

Metal oxides can be either ionic, covalent, or in between. Depending on the overlap between 

electronic states, the extent of mixing can play a significant role on the physicochemical properties 

(Figure 20C).408 At a zero-order approximation, since early transition metals in B sites of 
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perovskites (e.g. V, Cr, and Mn) are less electronegative than oxygen, the mixing between the M 

3d and O 2p is limited. As such, the corresponding perovskites are semiconducting with the 

“conduction” and “valance” band edges bearing predominantly d-character. Building on the same 

principle, late transition metals in B sites of perovskites (e.g., Co, Ni, Cu) are closer in their 

electronegativity to oxygen. This increases the extent of M-O hybridization, which results in an 

increased p-character of the “conduction” and “valance” band edges. This increased covalency 

results in the downshift of the Fermi level (EF) and in a reduced energy gap between metal 3d and 

O 2p states, to form delocalized bands. This mixture between O 2p and metal d bands can make 

oxides semiconducting (e.g. LaCoO3) and even metallic (e.g. LaNiO3), depending on the nature of 

the itinerant electron. Perovskites ABO3 allow the partial substitution of A sites with various 

cations with valences from +1 to +3. This substitution can impact the B-site valences and/or 

oxygen stoichiometry. As shown in Figure 20C, partial substitution of La3+ with Sr2+ leads to the 

formation of La1-xSrxCo1-x
3+Cox

4+O3 with a larger overlap of Co 3d and O 2p bands (i.e., larger M-

O covalency), which lowers the EF into the Co 3d/O 2p * band and creates a ligand hole. Such 𝜋

an increase of the M-O covalency was correlated with the ability to facilitate the lattice oxygen 

oxidation and the enhanced OER activities of SrCoO3-δ and LaCo1-xFexO3, relative to 

LaCoO3.387,409 The increase in the M-O covalency, estimated via the gap between the Fermi level 

and the O p-band center, has been proposed to allow faster surface oxygen exchange kinetics and 

enhanced OER activity.410 However, when the O p-band center is too close to the EF, for instance, 

in the case of Ba0.5Sr0.5Co0.8Fe0.2O3-δ, the OER activity is compromised by poor stability with the 

leaching of A-site metals and rapid amorphization.401 In other words, increasing the M-O valency 

also increases the tendency of an oxide to release the lattice oxygen and form oxygen vacancies, 

which can potentially change the oxide structures from the designed/desired surface. 

The growth of oxides and their post-annealing play a crucial role on the formation of oxygen 

vacancies and related defects. Oxygen vacancies have a strong impact on lattice parameters, 

coordination environment, electrical conductivity, and catalytic activities. Oxygen stoichiometry 

can be measured through iodometric, cerimetric, and Cu+/2+ coulometric titration methods,411 gas 

volumetric analysis412 and structural refining based on neutron and X-ray diffraction413 with a δ 

accuracy better than ± 0.01. A recent study by Stevenson and coworkers highlighted the 

importance of oxygen vacancy content in rationalizing the OER activities of La1-xSrxCoO3-δ 

(Figure 20D).408 The significantly enhanced OER activity of perovskites, in particular SrCoO2.7, 

Page 102 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



102

was correlated to the increase in oxygen vacancy and faster O2- diffusion estimated from 

chronoamperometric methods. La1-xSrxCoO3-δ with x > 0.4 showed a noticeable increase in oxygen 

vacancies owing to the increasing M-O covalency and oxygen stoichiometry. They also proposed 

a vacancy-mediated OER mechanism through the participation of lattice oxygen through ab initio 

modelling to demonstrate that an alternative pathway besides the mechanism presented in Figure 

20A. A similar function of oxygen vacancies was reported for the OER catalysts, La-deficient La1-

xFeO3-δ.414 The same group also investigated the impact of various N-doped carbon supports on 

perovskites using RRDE techniques and microkinetic modelling for the ORR. Carbon was shown 

to be able to activate the initial ORR to O2
- or HO2

-, which was further reduced to OH- on 

perovskite surfaces.415 Schmidt and coworkers reported that acetylene black as a carbon support 

could reduce the Co valence in the supported perovskites, Ba0.5Sr0.5Co0.8Fe0.2O3-δ, which in turn 

improved the ORR/OER activities in alkaline media.416 Those studies show the potential to 

understand the metal oxide catalyst-support interactions and design carbon and non-carbon 

supports that can not only stabilize oxide particles, but also boost their ORR activities (Section 5). 

 The structural descriptors for the stability of metal oxide catalysts under ORR conditions are 

not as well understood as their ORR activity. Preliminary experiments showed particle aggregation, 

dissolution, decomposition and surface reconstruction of metal oxides during extended durability 

tests under negative applied potentials (cathodic conditions). Those changes can be monitored by 

TEM, X-ray spectroscopy, EQCM,417 inductively coupled plasma mass spectrometry (ICP-MS)418 

among other techniques. In contrast to the OER conditions where anodic potentials tend to induce 

irreversible oxidation of metal sites and possible oxygen vacancies, ORR conditions can reduce 

metal oxides to lower valences or even metallic phases, which can induce irreversible structural 

changes of the oxides. Early studies reported that LaNiO3 underwent heterogenous reduction to 

La(OH)3 and NiO during prolonged exposure to low potentials in alkaline media, causing rapid 

activity decay.419-422 A recent study by Suntivich and coworkers showed similar catalyst instability 

of La/SrMnO3 single crystals at low potentials during the ORR in alkaline media.423 A recent report 

shows that substituting Mn with Cu in B sites (LaCu0.5Mn0.5O3) can maintain a stable structure 

down to 0.4 V vs. RHE.424 It remains a key challenge as to how to enhance the catalyst-support 

interactions while not blocking active sites, and improve structural stability via stabilizing the 

M3+/4+ in B sites while suppressing the leaching of metals in both A and B sites.
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In summary, the ORR mechanisms on non-precious metal oxide surfaces are rather complex, 

compared to precious metals, in part because the reaction pathways vary depending on the 

coordination environment of metal sites and structures of oxide surfaces. Several activity 

descriptors have been proposed from molecular orbital and band theories to correlate electronic 

structures and oxygen vacancies of metal oxides to their activity and stability. However, the 

proposed descriptors have forgone the molecular details and the complex nature of the oxygen 

electrocatalysis on oxide surfaces, thereby having limited applicability. For instance, the number 

of d-electrons or eg electrons is of limited value when trying to explain the outstanding OER 

activities of other oxide families such as RuO2, IrO2 and Ni-Fe oxides. It is therefore inadequate 

to rely on the descriptor approach alone. Thus, molecular details of the interactions between oxides 

and reaction intermediates, at varying electrochemical potentials, are crucial to understand the 

unique role of extended H-bonded water networks, interacting with oxide surfaces, and how water 

serves as the proton donor for the PCET during the ORR in a proton-deficient alkaline environment. 

4.2.2 Details of Electrocatalysis from Well-defined Oxide Studies

The critical challenge with the ORR studies of metal oxide nanoparticles is the convolution of 

synthesis methods, particle size (and its distribution), morphology, as well as crystal orientation, 

defects, and oxygen vacancies of the catalyst particles. Those factors present formidable 

challenges to control simultaneously, and likely complicate our understanding of the intrinsic 

activity of metal oxide electrocatalysts. In comparison, single-crystal metal oxides provide well-

defined surface structure/composition. Thus, they have the potential to advance our understanding 

of oxygen electrocatalysis like single-crystal Pt studies have done for metals. Single-crystal metal 

oxides can be prepared through several methods; however, they often involve high-temperature 

syntheses. Recently, thin-film methods such as pulsed laser deposition (PLD) and molecular beam 

epitaxy (MBE), which enable a precise control of surface/bulk structure/composition with an 

atomically flat surface and minimal defects, have been demonstrated as an alternative approach to 

producing well-defined metal oxide surfaces. For simplicity, we will refer to these well-defined 

metal-oxide thin films as “single crystals” in the rest of this review given their single-crystal-like 

surface behavior. As shown in Figure 21A, single-crystal La1-xSrxMnO3 (001) films were grown 

on Nb-doped SrTiO3 by PLD and exhibited an optimal ORR activity at 33% Sr (La2/3Sr1/3MnO3), 

which was first correlated to its apparent highest electronic conductivity and fast charge transfer 

kinetics.425 Ambient pressure XPS (AP-XPS) further showed that the valence band center had a 
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positive correlation to the ORR activity (Figure 7A),426 where it was rationalized that a lower 

valence band center, relative to EF, could weaken the adsorption of OH species. This modified OH 

interaction facilitates the OH-/O2
2- exchange (step 1, Figure 20A) and consequently the ORR 

kinetics in alkaline media. La0.8Sr0.2CoO3 single crystals grown PLD exhibited an increasing ORR 

activity but also increasing instability order: (110) > (111) > (001).427 X-ray reflectivity 

measurements of La0.8Sr0.2CoO3 showed a lattice expansion and formation of oxygen vacancies to 

compensate for the reduction of Co3+, accompanied by possible formation of La/Co hydroxides 

after sweeping to low potentials during the ORR in alkaline media. Placing oxides on different 

substrates, with compressive or tensile strains, offer another approach to tune the oxide surface 

structure similar to strategies used in designing Pt3Co@Pt core-shell catalysts for PEMFCs. For 

instance, LaCoO3 thin films with a moderate tensile strain (~1.8%) relative to bulk phase, induced 

by substrates, showed faster charge transfer kinetics and enhanced ORR and OER activity, relative 

to LaCoO3 films with a -0.5% compressive strain and a 2.6% tensile train.428 The strain effect on 

the surface bonding of oxides is, however not trivial. A recent study of SrIrO3(100) grown on 

different substrates showed that water adsorption can counter the impact of strain on the surface 

oxygen binding strength, making the OER activity independent of strain.429 This finding points to 

the non-trivial connection between surface oxygen binding in vacuum and in electrochemical 

environments, where the interfacial water network, in the latter situation, can counter the intended 

impact of strain on the oxygen binding. Thus, even when using well-defined oxide surfaces, 

determining the interplay between atomic structure, electronic structure, and electrochemistry 

remain challenging. 
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Figure 21. Oxygen electrocatalysis on well-defined oxide surfaces in alkaline media. (A) ORR activities 

(potentials for achieving 40 μA/cm2) of a series of La1-xSrxMnO3 perovskite single-crystal films (numbers 

in different colors denote the percentage of Sr2+ in mixed A sites of La3+ and Sr2+). (B) STEM images of 

(LaMnO3)2/(SrMnO3) layered superlattices (labeled as SLL), along with a schematic of the crystal structure 

with MnO2 surface termination. Enlarged EELS maps (insets) show Mn in red and La in turquoise and 

demonstrate well-ordered films with clear separation of Sr and La. (C) ORR activities of various 

(LaMnO3)2/(SrMnO3) [(LMO)2/LSO] configurations (kinetic current density at 0.8 V vs. RHE). SMO-

LMO-LMO is denoted as “SLL”, same as in Fig. B. (D) CV profile of RuO2 (110) in 0.1M KOH at 200 

mV/s. (E) Experimentally measured adsorption energies of Oad and OHad on RuO2 (110) showing the scaling 

relation at different pH (F) Correlation of OER activity (current density at 1.63 V vs. RHE) of RuO2 (110) 

to the difference in adsorption energies of OHad and Oad. (G) Most stable adsorbate configuration of surface 

O species on RuO2(110) obtained from X-ray diffraction CTR and best-fitting from DFT calculations. Pink, 

red and blue spheres represent Ru, O and H atoms, respectively. CUS and BRI denote coordinatively 
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unsaturated Ru sites and bridge sites, respectively. (H) Schematic of Standing wave (SW) ambient-pressure 

XPS measurements on Fe2O3 polycrystalline thin films with synthetic Si/Mo layers serving a built-in ruler 

for sub-nm spatial resolution. (I) Relative XPS intensity of Na and Cs as a function of the incident angle. 

(A) Adapted with permission from ref. 426. Copyright 2017 American Chemical Society. (B) Adapted with 

permission from ref. 430. Copyright by the authors 2012 Springer Nature. (C) Adapted with permission 

from ref. 423. Copyright by the authors 2016 Springer Nature. (D-F) Adapted with permission from ref. 

431. Copyright 2018 American Chemical Society. (G) Adapted with permission from ref. 441. Copyright 

2017 The Royal Society of Chemistry. (H, I) Adapted with permission from ref. 447. Copyright 2014 

Springer Nature.   

The use of advanced deposition methods, to growing well-defined oxide electrocatalysts, opens 

a unique opportunity to realize a novel combination of atomic layers of chemically distinct metal 

oxides. Figure 21B presents an example of layered (LaMnO3)2/SrMnO3 ((LMO)2/SMO) 

superlattices grown layer-by-layer on SrTiO3 (001) by MBE.430 STEM images and EELS 

elemental maps demonstrated the atomically abrupt LaO/MnO2/SrO and SrO/MnO2/LaO 

interfaces with a MnO2 surface termination (labeled as SLL from the surface to sub-surface), which 

shows a metallic behavior. Taking advantage of this capability, it is now possible to control the 

chemistry of the topmost surface layer down to the sub-surface, e.g., stacking the compositions 

from the surface as either LMO-SMO-LMO (LSL) or LMO-LMO-SMO (LLS) and Sr-free LMO-

LMO-LMO (LLL). These atomically precise materials were prepared with various surface and 

sub-surface layers but with identical overall compositions and hence overall d-electron 

configurations (Figure 21C).423 Although the SLL with SrMnO3 as the topmost layer, benefits the 

ORR with enhanced conductivity relative to the insulating LLL (pure LaMnO3), SrMnO3 can react 

with O2 to form an undesirable insulating SrO layer. Engineering SrMnO3 as the sub-layer in the 

LSL maintains a stable LaMnO3 surface while still benefiting from improved electronic effects 

from SrMnO3, which results in the optimal ORR activity of the LSL.423 Those studies illustrate the 

great tunability of oxide surface/sub-surface structures and compositions with atomic-layer 

precision by thin-film deposition over conventional bulk crystal growth.  

Single-crystal oxides have also enabled the examination of fundamental mechanistic concepts 

of the two most active OER electrocatalysts, RuO2 and IrO2 for the water electrolyzer industry. 

Figure 21D exhibits the well-defined CV profile in alkaline media of MBE-grown RuO2(110) on 

a TiO2 substrate.431 The broad reversible peaks at ~1 V vs. RHE was assigned to OHad 
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electroadsorption (H2Oad  OHad + H+ + e-) while the sharper peaks at ~1.3 V vs. RHE represent →

the Oad electroadsorption (OHad  Oad + H+ + e-), which correspond to the Ru3+/4+ and Ru4+/5+  →

redox couples, respectively.380 An analysis based on the Frumkin isotherm (Equation 11) suggests 

that OH and O adsorbates repel each other enthalpically ( H becomes more positive at higher ∆

coverage) but attract each other entropically ( S becomes more positive at higher coverage),432 ∆

with OH adsorption showing a positive interaction parameter, , (repulsive interaction) while O 𝜔

adsorption showing a negative value (attractive interaction). These observations indicate the 

critical role of the adsorbate-adsorbate interactions in understanding the electroadsorption process, 

an observation that was linked to the network of interfacial water molecules as a mediator to the 

interactions. Both OH and O adsorption peaks exhibited a non-Nernstian pH-dependence vs. RHE 

(i.e. > 59 mV/pH vs. SHE), suggesting that the reaction may involve a partial charge transfer from 

Ru to O/OH, resulting in electron transfer numbers less than ideal ratios. To quantify the pH 

dependence, OH and O adsorption peak positions, corresponding to 50% coverage, were used to 

estimate the adsorption free energy, GOH (EOHad) and GO (EOHad + EOad) and the potential window ∆ ∆

at 90% coverage was used as error bars. As shown in Figure 21E, a linear scaling relationship was 

found between GOH and GO of RuO2, which is similar to the well-established trends in Pt-based ∆ ∆

catalysts. One might anticipate a volcano-type relationship as commonly established in Pt-based 

catalysts. However, RuO2 showed a minimum OER activity in neutral pH at an intermediate value 

of GO - GOH (Figure 21F). Moreover, RuO2 and IrO2 single crystals exhibited similar OER ∆ ∆

activity despite very different values of GO - GOH.433 Such deviations from the conventional ∆ ∆

Sabatier principle suggest that the electroadsorption energy may lack the microkinetic details 

involving the proton and electron transfers in the presence of interfacial water. The activity trends 

in Figure 21F were rationalized as two possible different RDSs regarding the formation of OOHad 

in acidic and alkaline media (the reversal of step 3 in Figure 20A): acid: Oad + H2O  OOHad + 

H+ + e-; alkaline: Oad + OH-  OOHad + e-. If the kinetics of OOHad formation are more favorable 

in acid than in alkaline media, increasing the pH can hinder the OOHad formation in acid but 

facilitate the OOHad formation and thus OER kinetics in alkaline media. 

 Recently developed surface-sensitive X-ray methods provide structural insights into interfacial 

water on oxide surfaces. For example, specular X-ray reflectivity of mica(001) (a layered alumino-

silicate) showed that the first-layer water has a strong interaction with the oxide surface and an 

oxygen density twice as high as the bulk water.434 The strong oscillation of the oxygen density 
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within 10 Å of the surface in the direction normal to oxide surfaces, indicates an interfacial 

ordering of water. AP-XPS studies on spinel Fe3O4(001) that showed water began to adsorb with 

progressively increasing dissociation into the surface OH species at a very low water pressure of 

10-4 torr and achieved a monolayer of OH at 10-2 torr.435,436 Here, we focus on two selected 

catalysts (RuO2 and Fe2O3) highlighting the recent progress on the elucidation of the interfacial 

water structure and O-containing intermediates on oxide catalyst surfaces under applied potentials. 

An early report on RuO2(110) by Ertl and coworkers, with EELS and LEED, showed that O2 gas 

molecules could adsorb and dissociate rapidly to form a stable Ru-O-Ru bridging configuration as 

well as Ru-O in terminal position.437,438 Lister and Nagy used off-specular oxygen crystal 

truncation rod (CTR) to measure the potential-dependent water adsorption on RuO2 (110) and (100) 

in both acidic and alkaline media (Details of CTR will be introduced in Section 8.1.3).439,440 They 

identified an OH adsorption layer on bulk RuO2(110) in alkaline media, which could interact with 

interfacial water, forming an ice-like bilayer structure under high potentials close to the OER. At 

low potentials, the bridging OH layer is converted to a layer of low-density commensurate water. 

Recent studies by Shao-Horn examined the surface structural changes of RuO2 single crystals with 

various crystal orientations in acidic media with X-ray CTR measurements and DFT 

simulations.441,442 It should be noted that the positions of H atoms are only speculated based on 

changes in the Ru-O bond lengths in CTR measurements since the X-ray scattering cross section 

of H atoms is very small. Figure 21G illustrates the adsorption of reaction intermediates on 

RuO2(110) with both coordinatively unsaturated (cus) Ru sites (Ru bound to 5 O atoms) and bridge 

Ru sites (Ru bound to 6 O atoms).441 At low potentials (e.g. 0.5 V), H2O adsorbs on Rucus sites and 

OH forms on bridge sites through the protonation of oxygen species. At potentials close to the 

OHad peak (e.g. 1.0 V), every second water molecule on RuCUS sites dissociates while every OHad 

on bridge sites deprotonates. At potentials after the Oad adsorption peak (e.g. 1.3 V), all Rucus sites 

are filled with OH while all bridge sites are deprotonated. At potentials close to the OER (e.g. 1.5 

V), OO species on Rucus sites were identified and stabilized by OHad on neighboring bridge sites, 

and the deprotonation of the OH group and the following removal of OO was proposed as the 

possible RDS of RuO2(110) in acid. The presence of OO species was later confirmed by in situ 

SEIRAS and H/D isotopic measurements.442 RuO2 single crystals exhibit an OER activity order in 

acid: (100) > (101) > (110)  (111).443 The highest OER activity of Ru(100) was ascribed to both  ≈

the higher density of Rucus sites (7/nm2), relative to that of (110) (5/nm2) and reduced OO binding 
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energy on Rucus sites. Despite having a high density of Rucus sites (8/nm2), Ru(101) was shown to 

have an even weaker OO binding energy and an alternative RDS was proposed as Ru-O +H2O  →

Ru-OOH + H+ + e-, which resulted in an intermediate OER activity. Finally, it is worthwhile to 

point out that practically used RuO2 nanoparticles show OER activity comparable to or even higher 

than the most active RuO2(100).444 Close examination of oxide nanoparticle surface steps, grain 

boundaries and other structural defects can shed new lights into the observed high activity and help 

design other non-precious OER catalysts. 

Operando X-ray standing waves (XSWs) can resolve the electrode-electrolyte interface with 

atomic-scale depth resolution in the direction normal to the surface.338 XSWs are generated by the 

interference between incident waves and strongly reflected waves at the Bragg reflection. The 

periods of XSWs can be tuned with high-Z/low-Z layered synthetic microstructures (LSM) from 

Å to nm to satisfy the length-scale requirement of experiments, such as charge distributions at 

interfaces over several tens of Ångströms. As the angle of the incident beam is advanced across 

the strong Bragg reflection, the XSWs can sample different atomic layers in the electrochemical 

double layer and further extend into the solution layer. The d-spacings normal to the surface, 

monitored by the incident angle of XSWs, serves as a “built-in ruler” which is capable of providing 

Å-level vertical resolution. Our early studies employed operando XSWs and X-ray fluorescence 

spectroscopy on Pt/C LSMs to provide the first unambiguous evidence of the displacement of an 

adsorbed iodide layer on Pt with electrodeposited Cu.445,446 A recent study by Fadley et al. 

combined XSWs with AP-XPS to investigate the ionic distribution in NaOH/CsOH alkaline 

solution on polycrystalline Fe2O3 films (~6 Å surface roughness) deposited on Si/Mo LSMs 

(Figure 21H).447 It provided direct evidence that Na+ was ~4 Å closer to the oxide surface than Cs+ 

given a 0.04o positive shift in the incident angle (Figure 21I). The further distance of Cs+ from the 

oxide surface is similar to the weaker interactions of Cs+ with Pt surfaces leading to a higher ORR 

activity (Figure 17H). It should be noted that the liquid layer in this ex situ study was limited to ~1 

nm for AP-XPS with soft X-rays (~1 keV). Operando XSWs enables the use of polycrystalline 

oxide films deposited on LSMs, which clears the limitation of using single-crystal oxides and can 

have promising applications in resolving solid/liquid interfaces on nanoparticle oxide catalysts 

during realistic fuel cell reaction conditions. In addition to the aforementioned X-ray methods, 

optical vibration spectroscopy, in particular, surface-enhanced Raman and IR have been widely 

employed to investigate the reaction intermediates at oxide-electrolyte interfaces.448,449 Those 
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surface-enhanced techniques often require a thin oxide film deposited on roughened (typically Au) 

metal substrates. Weaver and coworkers performed an early in situ SERS study with a three 

monolayer poly-Ru film electrodeposited on a roughened Au substrate to investigate the 

electrochemical oxidation of Ru and reduction of RuO2 involving Ru3+/4+ transitions in acid.450,451 

Bell and coworkers employed SERS to demonstrate the dynamic oxidation of Co3O4 and Ni-Fe 

hydroxides on Au substrates and captured the key reaction intermediates of CoOOH and NiOOH 

at potentials close to the OER.452,453 It is worthwhile to mention that the oxide film thickness and 

the metal substrate have a significant impact on the electronic structures of oxides and, in turn, 

influence the catalytic activity.452 One strategy is to coat metal substrates with a thin inert oxide 

layer to prevent charge transfer between the substrates and studied oxide catalysts. Recent work 

by Yang and coworkers employed SERS with Al2O3-coated Ag nanoparticle assemblies and 

identified OOH, O2
2- and OH intermediates on a TiO2 surface during a photochemical water 

splitting process.454 Future technical developments may enable the direct use of bulk oxide crystals 

in both single-crystal and polycrystalline forms. In summary, the use of operando X-ray and 

vibrational spectroscopies offer a rare glimpse at the dynamic structural changes at oxide surfaces. 

We anticipate advances in spatially and temporally resolved spectroscopy will further our 

understanding of these complex oxide surfaces. 

4.2.3 ORR Activity of Nanoscale Metal Oxides 

Since alkaline fuel cells enable the use of non-precious ORR catalysts, a variety of nanoparticle 

candidates have been reported to show promising ORR activity in alkaline media based on RDE 

tests, such as precious metal-based alloys, N-doped carbons, perovskites and 3d transition metal 

oxides. However, only a few RDE results have translated into encouraging MEA performance in 

AEMFCs. Although the previous two sections presented numerous perovskite candidates as active 

ORR catalysts, based on RDE tests, their present ORR activity is still much inferior compared to 

Pt/C in alkaline media, likely due to the small electrochemical surface area and/or poor electronic 

conductivity of μm-sized catalyst particles.400,401 The large size arises from the fact that the 

majority of perovskite-based catalysts are prepared via solid-state synthesis, which often require 

high-temperature calcination to achieve desirable singe phases.419-424 As previously discussed, the 

poor stability of many perovskite ORR catalysts at low reduction potentials (<0.6 V) is a great 

challenge facing this family of catalysts in realistic applications. The activity and stability of 

perovskites based on RDE tests are pending for examination in MEA tests. Considering that typical 
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cell voltage of MEA tests range from 1.0 to 0.3 V, it is important to design non-precious ORR 

catalysts, which are not only highly active but also maintain stability at low reducing potentials for 

long time periods. 

Figure 22. ORR activities of spinels in alkaline media and correlation to their microstructures and 

compositions. (A-C) ORR activities (mass activity, MA at 0.85 V vs. RHE) of a variety of spinels in an 

AB2O4 formula from RDE measurements in 1 M KOH at a loading of 0.1 mgoxide/cm2. Inset in Fig. A shows 

the crystal structure of cubic spinel with A in tetrahedral sites and B in octahedral sites (D). ORR activities 

of Co1.5Mn1.5O4 spinels as a function of surface compositions as shown in the EELS elemental maps of 

evenly distributed Co/Mn, Co-rich and Mn-rich samples. Particle sizes are around 30 nm. (E) Atomic-scale 

STEM image of CoMn2O4 on the [ ] zone axis. (Inset) Atomic-scale EELS elemental map of Mn 011

showing the characteristic layered structure in spinels. (F) EELS elemental map of one MnCo2O4 

nanoparticle with an Mn-rich shell (S-1, 2, 3 and 4 represent four regions in the shell). (G). Comparison of 

average ELNES spectra of Co in the core and shell with standard Co oxide references. Co at the core clearly 

has a major contribution from Co3O4 (II, III) while Co at the shell is predominantly Co2+, resembling the 

feature of CoO (II) reference. (H) Periodic changes in the relative X-ray intensities (ln(I1/I2) at 7722.5 eV 

(Co K-edge) and 6553.0 eV (Mn K-edge), representing relative metal valence changes, as a function of the 

cyclic potential sweep. Intensity variations at 7722.5 and 6553.0 eV reflect the conversion between Co(II) 

and Co(III), Mn(II, III) and Mn(IV), respectively. The upper inset shows the corresponding CV profile at 

1 mV/s with oxidation and reduction currents divided by two boundary potentials, 0.42 and 1.25 V, 

respectively. (A-C, E-G) Adapted with permission from ref. 466. Copyright by the authors 2019 National 
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Academy of Sciences. (D, H) Adapted with permission from ref. 469. Copyright 2019 American Chemical 

Society. 

3d transition metal oxides with the spinel structure have emerged as a novel family of ORR 

electrocatalysts in alkaline fuel cells, due to their high activity, long-term durability and low cost. 

Co and Mn oxides have been reported to be effective ORR electrocatalysts based on RDE tests in 

alkaline media.455,456 Furthermore, Co-M (M is Mn, Fe, Ni, Cu, Zn, Mo, etc.)457-465 and other 

bimetallic oxides have been reported to exhibit enhanced ORR activities in alkaline media, relative 

to their monometallic oxide counterparts. During the development of bimetallic oxides as ORR 

electrocatalysts, multi-valence active sites and chemical interactions between two metal centers 

have often been proposed as possible structural/electronic factors correlating to the enhanced 

electrocatalytic activity.379,406 Despite numerous studies of 3d metal oxide electrocatalysts, the 

electrocatalytic mechanism remains poorly understood. Recently, we reported on a facile 

hydrothermal method to synthesize a family of 15 types of AB2O4 spinels (A: Mn, Fe, Co, Ni, and 

Cu, and B: Mn, Fe, and Co) as ORR electrocatalysts with well-controlled octahedral morphology 

and small particle sizes (~30 nm) as shown in Figures 22A-C.466 The Co-based spinel family, 

ACo2O4, has a regular cubic crystal structure in which the A atoms occupy the tetrahedral sites 

while the Co atoms occupy half of the octahedral sites (Figure 22A, inset). In contrast to Co3O4, 

the Mn-based spinel family (AMn2O4) had a tetragonal spinel structure with lower symmetry due 

to the Jahn-Teller distortion around the Mn3+[3d4]. Fe-based spinels, AFe2O4, often adopt a cubic 

inverse spinel structure, where all of the A atoms and half of the Fe atoms occupy octahedral sites, 

while the other half of the Fe atoms occupy tetrahedral sites. Preliminary RDE measurements 

showed MnCo2O4/C, CoMn2O4/C, and CoFe2O4/C as the three most active candidates among the 

15 types of AB2O4 spinels in terms of mass activity at 0.85 V vs. RHE (Figures 22A-C). In 

particular, MnCo2O4/C, CoMn2O4/C exhibited E1/2 values above 0.85 V vs. RHE and significantly 

higher mass activity at 0.85 V than previously reported oxide ORR catalysts,400,401,419-424,455-465 

benefiting from highly active surfaces and small particle sizes (~30 nm). Mn-Co spinels also 

demonstrated a comparable ORR selectivity to Pt/C with low peroxide yield and a remarkable 

durability during accelerated RDE stability tests. It is worth mentioning that simply putting Co and 

Mn together in bimetallic spinel phases is not sufficient, the surface chemical composition matters. 

By fine tuning synthetic methods, three types of spinels, with the same bulk composition 
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Co1.5Mn1.5O4, were synthesized with Co-rich, Mn-rich and homogenous surface elemental 

distributions, as evidenced by EELS elemental maps in Figure 22D.16 The homogenous Co-Mn 

spinel exhibited an ORR activity twice as high as either that of the Co-rich or Mn-rich spinels, 

suggesting that the precise control of the surface composition of electrocatalysts is crucial for 

designing highly active ORR electrocatalysts. 

 Atomic-scale STEM imaging and EELS spectroscopy were employed to investigate the 

structure and local chemical environment of Co-Mn spinels. As shown in Figure 22E, the high-

angle annular dark-field (HAADF) STEM image of CoMn2O4 exhibits a characteristic layered 

structure of a tetragonal spinel along the [ ] direction.466 Two d-spacings of 4.9 and 3.0 Å match 011

well the ideal theoretical lattice planes of CoMn2O4 (011) and (200), 4.88 and 3.04 Å, respectively. 

The EELS map (Figure 22E, inset) provides unambiguous evidence of the layered structure of 

CoMn2O4 along the [ ] direction. In contrast to CoMn2O4 with a homogenous elemental 011

distribution, MnCo2O4 exhibits a clear Co-rich core and Mn-rich shell (2-4 nm) structure (Figure 

22F).466 A detailed analysis of the local chemical environment of Mn, Co and O in MnCo2O4/C 

requires fine structures in EELS spectra with both high energy and spatial resolutions, which is 

often referred to energy-loss near-edge structure (ELNES). The ELNES is very sensitive to 

changes in local electronic structure, such as valence states and coordination environment, since it 

can directly probe the density of the unfilled density of states above the Fermi level.467,468 Figure 

22G exhibits the ELNES spectra of Co L3 edges: the spectrum from the core resembles the features 

of Co3O4 (II,III), indicating that Co is mainly cubic spinel in the core, i.e. Co2+ and Co3+ occupy 

tetrahedral and octahedral sites in the core and shell regions, respectively. However, Co in the shell 

shows a strikingly different ELNES very similar to CoO(II), with Co in octahedral sites in a rock 

salt (NaCl) structure. The ELNES spectra of the Mn L3 edge suggest that Mn in the core also has 

a higher Mn valence than Mn in the shell. Mn L3 edges, in both the core and shell regions, are 

much broader than the Mn oxide references, indicating a less-ordered nearest-neighbor oxygen 

distribution, and a lower crystal symmetry likely due to the Jahn-Teller distortion of Mn3+. The 

ELNES spectra of Co and Mn showed nearly the same features among the four different shell 

locations (S-1, S-2, S-3 and S-4), evidencing that all shell regions have a uniform chemical bonding 

environment. The superior ORR activity of Mn-Co spinel oxides, relative to Mn3O4/C and 

Co3O4/C, suggested underlying synergistic interactions between Mn and Co. Operando XAS, in a 

home-made electrochemical cell, enabled the tracking of Co and Mn electronic structures with a 
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3mV potential resolution (Figure 22H, details can be found in Section 8.1.1).469,470 Both Mn and 

Co valences changed simultaneously and exhibited periodic patterns that tracked the cyclic 

potential sweeps, providing compelling evidence for synergistic interactions, i.e., Co and Mn 

serving as co-active sites for the ORR. The relative X-ray intensity, represent Co and Mn valences, 

reached peak values at 0.42 and 1.25 V, which are fully consistent with the boundary potentials 

(0.42 and 1.25 V) of oxidation and reduction currents in the CV profile (Figure 22H, inset). This 

unique synergistic catalytic mechanism may be the reason for the high activity of the Co-Mn oxide 

electrocatalyst. In summary, the combination of atomic-scale STEM-EELS and operando XAS 

characterizations, at multi-length scales, have provided complementary pictures of the catalyst 

microstructures and chemical environments and their dynamic changes under reaction conditions, 

at both microscopic and macroscopic levels.

Page 115 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



115

Figure 23. Comparisons of RDE and MEA performances of Mn-Co spinels (MCS) and proposed 

synergistic ORR mechanisms. (A) Rotating disk electrode (RDE) measurements in O2-saturated 1 M KOH 

solution with 40 wt% Pt/C (50 gPt/cm2) and 40 wt% MCS/C (0.1 mgoxide/cm2), respectively, at 1600 rpm 

and 5mV/s. Inset: Tafel plots. (B) practical membrane exchange membrane (MEA) tests in anion exchange 

membrane fuel cells (AEMFCs) with pure H2 and O2 at 60 oC and 50% RH with a back pressure of 0.1 

MPa. Anode catalyst: 60 wt% Pt-Ru/C (0.4 mgmetal/cm2). Cathode catalyst: 60 wt% Pt/C (0.4 mgPt/cm2) or 

40 wt% MCS/C (0.8 mgoxide/cm2) Alkaline polymer electrolyte: aQAPS-S8 membrane and aQAPS-S14 

ionomer. (C) Schematic illustration of the proposed mechanism of ORR on MCS, featuring the dissociative 

reduction of O2 at the Mn site, the proton mediation by the Co site, and the surface proton transfer in 

between (reaction I and II). Inset central: DFT-calculated energy barriers for reactions I & II on MCS (100). 

Inset upper-right: DFT-calculated bond energies of O–H in H2O and Co-OH2. (A-C) Adapted with 

permission from ref. 16. Copyright by the authors 2019 Springer Nature.

In the development of PEMFCs and AEMFCs, the RDE technique has been widely used to 

preliminarily screen electrocatalysts and evaluate their activity/durability. For example, RDE 

measurements showed a rather good quantitative agreement with MEA tests for the benchmark 

activities of Pt/C in PEMFCs.7 However, RDE measurements are often performed in an aqueous 

solution saturated with gas reactants at an mM level while the MEA is tested with high-flux 

humidified gases, which lead to distinct differences in water management, mass transport and test 

conditions. For instance, although the spectacular ORR activity of shape-controlled Pt-based alloy 

catalysts, up to a factor of 20 relative to Pt/C, was reported from RDE measurements,97,98 those 

reports have not translated into realistic MEA results in PEMFCs. After only one-day of MEA 

testing, octahedral Pt-Ni catalysts exhibited a loss of their distinct shapes and leached out a 

significant amount of Ni, contaminating/poisoning the membrane.471,472 Contrary to common 

observations, we previously showed that while Mn-Co spinels (Mn1.5Co1.5O4) only exhibited 

modest activity in RDE tests, they demonstrated outstanding MEA performance (Figures 23A-

B).16 RDE profiles of Mn-Co spinels exhibited an E1/2 of ~0.85 V vs. RHE, 50 mV lower than the 

typical Pt/C (~0.90 V), indicating a noticeably lower ORR activity of Mn-Co spinels, and this 

difference remained at different potentials as shown in the Tafel plots (Figure 23A). The RDE tests 

would usually suggest that Mn-Co spinels would have a much lower performance in MEAs, 

relative to Pt/C. However, the Mn-Co spinel cathode exhibited a benchmark peak power density 

(PPD) of 1.1 W/cm2, surpassing that of Pt/C at 1.0 W/cm2 at 100% relative humidity (RH) and a 

Page 116 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



116

cell temperature of 60 oC in H2-O2 mode. At a more realistic lower humidity (50% RH), the Mn-

Co spinels maintained a high-level PPD of 0.92 W/cm2 while that of Pt/C dropped drastically to 

0.67 W/cm2 (Figure 23B). The capability of working at low RH is vital for fuel cell engines 

operating in realistic H2-air mode where water at the cathode is a reactant and often depleted at 

high current densities. The RDE-MEA correlation/discrepancy shows that it is important to include 

MEA tests in early-stage catalyst development, in addition to RDE measurements for catalyst 

screening. A comprehensive survey of MEA studies will be introduced in Section 7. With the 

additional comprehensive examination of Mn-Co catalysts with in situ FTIR, STEM-EELS and 

XPS analysis, and DFT and MD simulations, a synergistic reaction mechanism for spinels was 

proposed (Figure 23C).16 Mn prefers to bind O2 while Co prefers to bind and activate H2O, so that 

proton transfer can occur from Co-OH2 to neighboring Mn-O2 (Reaction I), leading to the 

formation of Co-OH and Mn-OOH species. The reduction of Mn-OOH yields Mn=O, which can 

regenerate Mn-OH by taking the second proton from proximate Co-OH2 (Reaction II). This 

mechanism highlights a synergistic mechanism with H2O activation on Co sites and proton-

transfer reduction of O2 on Mn sites, which may explain why Mn-Co spinels outperform Pt/C 

cathode in a more realistic lower RH conditions. The modest RDE performance was rationalized 

by the overwhelming H2O adsorption on the hydrophilic Mn-Co spinel surface despite the 

preferable O2 adsorption on Mn sites, as evidenced by MD simulations.16 In comparison, O2 

adsorption on a relatively hydrophobic Pt surface is more feasible under water-flooding RDE 

conditions. The design of synergistic Mn-Co spinels highlights, besides the conventional wisdom 

of tuning electronic structures of catalysts, the paramount importance of activating interfacial 

water to facilitate the ORR kinetics in alkaline fuel cells. 

4.2.4 ORR Activity of Nanoscale 3d Metal Nitrides 

Moving beyond perovskite and spinel oxides, other types of metal oxides such as rutiles (e.g. 

MnO2),456 pyrochlores (e.g. Pb2Ru2O7),475 and rock-salt-type oxides (e.g. MnCo2O3)476 have also 

shown promising ORR activities in alkaline media. However, metal oxides generally have low 

intrinsic conductivity due to their wide band gaps. To mitigate this issue and facilitate the electron 

transfer, metal nitrides and oxynitrides have emerged as a new family of ORR electrocatalysts in 

alkaline media owing to their intrinsically high conductivity and, often, metallic behaviors.477 

Previous reports include early 3d transition metal nitrides (TiN, VN, CrN),478 Mn,479 Fe,480 Co,481 

Ni,482,483 Cu3N,484 MoN, etc. However, their reported activities are, at best, modest (E1/2 < 0.8 V 
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vs. RHE) and generally far lower than that of Pt/C. Cobalt-based nitrides, previously investigated 

mainly as magnetic materials, have been reported to exhibit promising performance in a wide range 

of energy-related applications, such as the OER485-487 and metal-air batteries.488,489 Recently, a 

novel family of cobalt nitrides (Co2N/C, Co3N/C and Co4N/C) was synthesized via a facile 

nitridation process in NH3 at controlled temperatures (Figure 24A).477 The most active Co4N/C 

exhibited an eight-fold improvement in mass activity at 0.85 V, when compared to Co3O4/C and 

its E1/2 was only 15 mV more negative than Pt/C at comparable Co and Pt loadings of 50 and 25 

μg/cm2, respectively, in 1 M KOH. Considering the larger particle size of Co4N, relative to Pt (~ 

3 nm), the ORR activity of Co4N/C is remarkably high. It should be noted that, based on the Levich 

equation, the Id of the 4e- reduction of oxygen in 0.1 M O2-sat. KOH or HClO4 should be -5.5 

mA/cm2 at 1600 rpm. Since the O2 solubility (CO2) in 1 M KOH at 25 oC and 1 atm is 8.42  10-4 ×

mol/L, which is about 70% of the CO2 in 0.1 M KOH (1.21 10-3 mol/L),490 the Id of the 4e- ×  

ORR in 1M KOH will be correspondingly lower with a value of -3.8 mA/cm2 at 1600 rpm. The 

superior performance was ascribed to the formation of a conductive nitride core surrounded by a 

naturally formed thin oxide shell (~2 nm). The conductive nitride core effectively mitigated the 

low conductivity of the metal oxide, and the thin oxide shell on the surface provided the active 

sites for the ORR. Co4N exhibited a good stability with a modest E1/2 decay of 14 mV, relative to 

that of Pt/C (17 mV) after 10,000 cycles between 0.6 and 0.95 V (U.S. DOE protocols7,10). 

Recently, the ORR activities of a broad range of metal nitrides were evaluated, including MN 

(M=Ti, V, Cr and Mn) and M3N (M=Fe, Co and Ni) in alkaline media and Co3N showed the 

highest ORR activity.491 Despite the fact that fuel cell voltage is often lower than 0.9 V when 

delivering appreciable current density during MEA tests, it is not uncommon to have large 

polarizations of oxygen cathodes during start-up and shut-down procedures in automotive 

applications.492 Thus, it is of great importance to investigate the catalyst stability at high oxidizing 

potentials. As shown in Figure 24B, the operando X-ray absorption near edge structure (XANES) 

of the Co K-edge of Co3N/C at 1.0 V (open circuit potential) resembled the feature of metallic Co 

and remained stable when potential decreased from 1.0 to potentials as low as 0.1 V.491 However, 

as potentials increased from 1.0 to 1.6 V, the Co K-edge showed significant and irreversible shifts 

to higher energy values and the Co average valences were estimated to increase from ~0.8 to ~2.4 

based on a linear combination analysis. Simultaneously acquired operando EXAFS spectra clearly 

evidenced the complete transition from Co3N to mixed phased Co3O4 and CoOOH. Those results 
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demonstrate that oxidation potentials above a threshold of 1.2 V destroy the structure of metal 

nitrides and form new species of Co oxides, which also means that those types of catalysts cannot 

be used as stable electrocatalysts for the alkaline OER at high oxidizing potentials.485-487 

Figure 24. ORR activity and stability of metal nitrides in alkaline media. (A) Upper panel: HAADF-STEM 

images of one Co4N nanoparticle and the corresponding EELS elemental maps of and composite maps of 

Co vs. N and O vs. N with Co in green, N in red, O in green. Lower panel: ORR polarization profiles of 

Co4N/C, Co3O4/C and Pt/C in O2-sat. 1 M KOH at 5 mV/s and 1600 rpm and MA of Co2N/C, Co3N/C, 

Co4N/C, Co3O4/C at 0.85 V vs. RHE (Co and Pt loadings are 50 and 25 μg/cm2, respectively). (B) Operando 

XANES spectra of Co3N/C under steady-state at 1.0 V (open circuit potential, OCP) and followed by 

applying constant potentials at 1.2-1.6 V vs. RHE, and the comparison with XANES reference spectra (an 

Y-offset of 0.5 was applied to better show the difference). Purple arrows show the progressive positive shift 

of Co K-edge, indicating higher Co valences at higher potentials. The inset shows the average Co valences 

at 1.2-1.6V based on a linear combination fitting analysis. Inset upper-right illustrates the irreversible 

conversion from pristine nitride-core oxide-shell catalysts completely to oxides upon oxidizing potentials 

above 1 V vs. RHE in 1M KOH. (A) Adapted with permission from ref. 477. Copyright 2019 American 

Chemical Society. (B) Adapted with permission from ref. 491. Copyright by the authors.

4.3 Metal-Nitrogen-Carbon (M-N-C) ORR Catalysts 

Metal-nitrogen-carbon (M-N-C) catalysts, a class of carbon materials containing a transition metal 

(e.g., Fe, Co, Mn, Ni, Cu), often in the form of metal atoms coordinated by nitrogen, have been 

studied for decades as low-cost alternatives to PGM-based ORR electrocatalysts for both acidic 

and alkaline media.493-497 The M-N-C catalysts generally exhibit higher ORR activity and better 

durability, as well are lower propensity to carbon corrosion in alkaline than acidic media.498 
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However, due to the maturity of PEMFC technology,499 M-N-C catalyst studies to date have 

mostly focused on PEMFC applications, especially in automotive applications.500-503 Thanks to the 

recent progress in the AEMFC technology, there has been significant uptake in M-N-C 

electrocatalysis research in alkaline liquid electrolytes and in alkaline fuel cells. In this section, we 

focus on the development of M-N-C catalysts for oxygen reduction in alkaline media, as well as 

review the ongoing progress and assess the main challenges facing M-N-C electrocatalysts. The 

emphasis of this section is, in particular, on various concepts of the catalytic sites, different 

synthesis approaches, and structure-activity correlations.  

4.3.1. Active Sites and Catalyst Structure

Atomically dispersed M-N-C catalysts originate from materials obtained via a high-temperature 

treatment of metal N-macrocycles,493 often adding carbon as a support.494 Very different from 

metal-nanoparticle catalysts, M-N-C materials contain nitrogen-coordinated metal atoms 

covalently bonded to carbon atoms in the carbon lattice (Figure 25A). The metal species are 

atomically dispersed in the catalysts. In some cases, metal-rich nanoparticles can also be found, 

especially in catalysts obtained using excessively high metal content in the precursors. The metal 

center is typically coordinated by either pyridinic or pyrrolic nitrogen atoms.504,505 The unique 

structure of the metal sites makes M-N-C catalysts different from heteroatom-doped carbon 

materials, which share some similarities with metal N-macrocycles such as metal porphyrins 

(Figure 25B). While many metals, including Mn, Ni, Cu and Zn,495,497,506 have been used to 

synthesize M-N-C catalysts, the Fe- and Co-based catalysts, i.e., Fe-N-C and Co-N-C, have 

consistently shown the highest ORR activity and, consequently, have attracted the most 

attention.500,501,507-508
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Figure 25. (A) Proposed chemical structure for Fe-N-C catalysts. (B) Chemical structure of metal-

porphyrin complex. (C-D) Direct observation of Fe-N-C sites by HAADF-STEM and ELLS. (E) Mössbauer 

spectra and proposed active sites for Fe-N-C catalyst. (F) Schematic illustration of nitrogen-doped carbon 

with different types of N species and their XPS edge energy. (G) Proposed electrochemical reactions for 

nitrite poison and stripping on Fe-N4 sites. (H) Proposed 4e- ORR pathway for Fe-N-C active sites in 

alkaline media. (I) Schematic illustration of protonation/deprotonation functional groups on the surface of 

Fe-N-C catalysts at pH < 2.5 and pH > 10.5. (A) Adapted with permission from ref. 515. Copyright 2020 

Springer Nature. (C, D) Adapted with permission from ref. 502. Copyright by the authors 2017 American 

Association for the Advancement of Science. (E) Adapted with permission from ref. 504. Copyright 2019 

American Chemical Society. (F) Adapted with permission from ref. 518. Copyright 2018 Multidisciplinary 

Digital Publishing Institute. (G) Adapted with permission from ref. 528. Copyright 2016 Springer Nature. 

(H) Adapted with permission from ref. 529. Copyright 2012 Hindawi. (I, J) Adapted with permission from 

ref. 530. Copyright 2018 American Chemical Society. 
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The M-N-C catalysts can host a variety of MNx sites. While x can range from 1 to 5, the MN4 

sites are the most common.509-511 Metallic metal species, such as Fe3C and Fe NPs, are frequently 

detected in M-N-C catalysts due to a tendency of metals to cluster during high-temperature 

treatment.501 XAS, electron microscopy and 57Fe Mössbauer spectroscopy (specifically in the 

studies involving Fe-N-C catalysts) have been widely used to identify metal sites in the M-N-C 

ORR catalysts. XAS, including XANES and EXAFS, have been used to identify the chemical state 

of the metal and determine the coordination number in MNx structures.507,512-514 For example, XAS 

was used to study structural transformation of Fe-N-C sites in carbon-supported Fe meso-

tetraphenylporphyrine chloride (Fe-TTP) as a function of the heat-treatment temperature.512 

XANES spectra showed that the Fe center in the planar FeN4 center is pulled out of the N4-plane 

as the pyrolysis temperature was increased. In turn, EXAFS revealed that the FeN4 species in 

FeTPP is detached from macrocycles at temperatures above 800 C, likely due to the conversion 

of the aromatic carbon atoms surrounding the FeN4 to an amorphous form of carbon.512

HAADF-STEM coupled with EELS was shown to be especially useful in characterizing 

atomically dispersed metal sites in M-N-C catalysts. In work by Chung et al., 502 the Fe sites in a 

highly ORR-active Fe-N-C catalyst were directly observed as two bright spots 1 and 2 in the 

hexagonal carbon matrix, represented by spot 3 in Figure 25C. The co-location of Fe and N at 

these two spots was confirmed by EELS (Figure 25D).
57Fe Mössbauer spectroscopy is uniquely suitable for studying Fe-N-C catalysts, as it enables 

the determination of the coordination environment, as well as the oxidation and spin states of Fe 

species from the isomer shifts and quadrupole splitting in the 57Fe spectra and referring them to 

known standards such as macrocycle compounds containing N-coordinated Fe, e.g., 

FeN4.504,505,513-515 For example, the D1 and D2 doublets in Figure 25E (the result of a fit to the 

experimental Mössbauer spectrum of a Fe-N-C catalyst) were assigned to a high-spin Fe(III)N4C12 

porphyrinic structure (spin 5/2) and a low-spin Fe(II)N4C10 pyridinic site (spin 0), respectively.504 

It was also proposed that species responsible for doublet D1 were located on the catalyst surface, 

and thus likely involved in the ORR, while D2 species were buried in the carbon matrix and thus 

unlikely to participate in the electrocatalytic process.504

Nitrogen-doped carbon (N-C) materials have been viewed as a metal-free alternative to 

M-N-C catalysts for the ORR in alkaline media, together with similar materials, in which nitrogen 

atoms are replaced by or used jointly with other heteroatomic dopants, e.g., B, S, P, or F.516,517 In 

Page 122 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



122

N-C catalysts, pyridinic, pyrrolic, quaternary/graphitic or oxidized nitrogen (NOx) nitrogen 

substitute carbon atoms in the carbon lattice (Figure 25F).518 Metal impurities, even at levels 

undetectable by XPS or EDX, can significantly promote ORR activity of N-C catalysts.519-521 This 

presents a challenge, as metals are often involved in the synthesis of carbons typically used in the 

synthesis of N-C catalysts, and are very difficult to remove completely.522-526 For example, this is 

the case for N-C catalysts consisting of nitrogen-doped CNTs.522,523 In the synthesis of such carbon 

nanotubes, transition metal nanoparticles are used as nuclei for the nanotubes growth,523,525 

becoming a source of metal contamination in the catalysts, often in the form of small metal 

particles entrapped in highly graphitic carbon shells.524-526 Even trace amounts of transition metal 

impurities in N-C catalysts can result in noticeable improvements in the ORR activity,519,520 

through the formation of M-N-C sites. 

Impurity concerns notwithstanding, model N-C catalysts based on nitrogen-doped highly 

oriented pyrolytic graphite (HOPG) were prepared to compare ORR activity of pyridinic and 

graphitic nitrogen centers in acidic media.516 A pyridinc N-rich catalyst was prepared by heat 

treatment of edge-patterned HOPG at 700 C in NH3, while a graphitic N-rich HOPG was obtained 

via annealing at 800 C in ultra-high vacuum. The HOPG containing 0.63 at% of pyridinc N 

showed higher ORR activity than the HOPG rich containing graphitic N, in spite of the higher 

atomic content of nitrogen in the latter catalyst (0.73 at%). The pyridinic-N was proposed to serve 

as an ORR active site, with carbon atoms next to it acting as the dioxygen binding site. One aspect 

not considered in this work was a possible effect of the high-temperature NH3 treatment on the 

formation of additional active sites. Under the heat-treatment conditions employed, ammonia can 

not only act as a nitrogen-doping agent, but also as an effective carbon etchant, capable of 

increasing the catalyst’s surface area and creating potentially ORR-active functional groups in the 

carbon.527

While identification of the active sites is of fundamental importance to the understanding of 

the ORR mechanism at the M-N-C catalyst surfaces, their quantification is key to assessing the 

reaction kinetics. Malko et al. developed a quantitative approach for probing Fe-N-C sites 

electrochemically via adsorption and reductive stripping of the nitrite anion.528 They treated Fe-N-

C catalysts with sodium nitrite in a pH 5.2 buffer solution, which resulted in a 90 mV negative 

potential shift of the ORR polarization plot at a current density of 1.5 mA/cm2. The ORR 

performance of the catalyst was fully recovered following the probe stripping. The authors 
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assumed that nitrite anions specifically adsorb on FeN4 sites and their reductive stripping yields 

ammonia in a quantitative electrochemical process (Figure 25G), thus allowing for a precise 

determination of the number of active sites on the catalyst surface, and consequently the turnover 

frequency (TOF) from the ORR kinetic current values determined at different electrode potentials. 

This approach to determining surface concentration and activity of metal sites in M-N-C catalysts, 

while promising, still requires a proof of specificity to the metal center, and not to numerous 

functional groups present on the catalyst surface.

4.3.2. ORR Mechanisms

Ramaswany et al.529 proposed different ORR mechanisms in alkaline and acidic media for a 

FeTPP/C catalyst derived from pyrolyzed Fe-macrocycle mixed with carbon as a support. The 

catalyst showed much higher ORR activity in alkaline electrolyte (Eonset = 0.95 V vs. RHE) than in 

acidic electrolyte (Eonset = 0.80 V vs. RHE), with H2O2 generation not evident until 0.80 V vs. RHE 

was reached in both cases. The explanation of the observed difference in the onset potentials of 

the ORR and peroxide formation in alkaline media was given in terms of formation of a stable 

Lewis acid-base adduct between the HO2
- anion and Fe in Fe-N4 sites (Fe-HO2

-), claimed to favor 

the 4e- pathway in alkaline solution. Relatively low values of the ring current, in the disk potential 

range between 0.6 and 0.7 V in alkaline media, pointed to the suppression of the outer sphere 

electron transfer, often proposed for the ORR in alkaline solutions. Instead, the authors proposed 

that the dominant 4e- ORR pathway in alkaline media involved the Fe-HO2
- adduct, following an 

inner sphere mechanism with the replacement of a labile OH- ligand at the FeN4 site and adsorption 

of O2 (Figure 25H). 

Rojas-Carbonell et al. 530 investigated the effects of pH on the activity of a Fe-N-C catalyst 

obtained using a templated-synthesis approach. High-resolution XPS revealed the presence of 

various N and O functional groups on the catalyst surface (Figures 25I-J): pyridinic 

N/hydrogenated, graphitic N, FeNx, pyrrolic N, quaternary N, NOx groups; phenolic (-C-OH), 

lactone, pyrone (-C=O), and carboxylic (-COOH) groups. Based on their respective dissociation 

constants, all these groups, with the exception of graphitic N, should be protonated at pH < 2.5 

(Figure 25I) and undergo deprotonation at pH > 10.5 (Figure 25J). As the low H2O2 yields were 

observed at pH < 2.5, it was concluded that, in acidic media, the ORR at the Fe-N-C catalyst 

predominantly occurs via the 4e- ORR pathway (the PCET mechanism). The H2O2 yield increased 

at pH > 10.5 indicating enhanced contribution from the 2e- ORR pathway. It was proposed that 
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specific adsorption of OH- on FeNx sites at pH > 10.5 results in reduced accessibility of these sites 

for the inner sphere 4e- path, enhancing the contribution of the 2e- outer sphere mechanism and 

peroxide formation. As carbon can also reduce O2 to H2O2 at a high pH, more evidence is needed 

to confirm that specific adsorption of OH- on FeNx sites does indeed promote the outer sphere 

reaction mechanism. 

While the two latter studies offer valuable insights into the possible ORR mechanism at Fe-

N-C catalysts in alkaline media, they heavily rely on H2O2 yields which tend to differ for various 

Fe-N-C catalysts. Performing this or similar studies on Fe-N-C catalysts with rigorously controlled 

composition and energetically homogenous FeNx sites would help validate these mechanistic 

findings and further enhance an understanding of the ORR mechanism as a function of pH. 

4.3.3. Synthesis and ORR Activity of M-N-C catalysts 

As mentioned above, it was the first observation of ORR activity of transition metal N-macrocyclic 

compounds that inspired the development of a wide range of PGM-free catalysts for the ORR.493,494 

M-N-C catalysts were initially obtained via a high-temperature treatment (pyrolysis, carbonization) 

of metal N-macrocycles mixed with high surface-area carbons.531 Subsequently, Gupta et al. 532 

found that high-temperature treatment of polyacrylonitrile, Fe or Co salts, and carbon can yield 

catalysts with similar ORR activity to that of M-N-C materials prepared using macrocycles as 

precursors. The finding that active M-N-C catalysts could be synthesized from individual carbon, 

nitrogen and metal precursors paved the way for the discovery of many M-N-C catalysts derived 

from various chemicals and ultimately to the realization of the importance of the MNx sites for 

ORR activity. Among others, the synthesis involved nitrogen-rich small molecules, polymers, and 

metal complexes, as well as metal salts and a large variety of carbon supports.500-502,527,533 Some 

of the M-N-C catalysts, prepared using the high-temperature approach, exhibited ORR activities 

that approached that of PGM-based catalysts and allowed for performance metrics close to the 

DOE activity targets established for PEMFCs.500-502 

One of the initial challenges facing the development of better performing heat-treated M-N-C 

catalysts was associated with the need for identifying the source of the ORR activity, specifically, 

whether it originated from atomically dispersed sites of the MNx type or metal-rich nanoparticles 

embedded in graphitic-carbon shells. Initial observations of a correlation between the ORR activity 

and the content of atomically dispersed metal sites502 resulted in M-N-C catalysts containing 

exclusively atomically dispersed Fe sites, typically derived from either individual precursors or N-
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macrocycles.534,535 For example, a synthesis approach was developed to integrate graphitic C3N4 

and FeCl3 with a surfactant F127 (a symmetric triblock copolymer of ethylene oxide-propylene 

oxide, PEO-PPO-PEO) to obtain single-atom Fe catalysts (SA-Fe/NG) using a high-temperature 

treatment.534 While Fe3C species and graphitic carbon were detected in catalysts synthesized 

without addition of the surfactant, only amorphous carbon was found to be present in catalysts 

obtained using the surfactant approach. It was suggested that the surfactant assists Fe ions in 

anchoring to graphitic C3N4 and preserves atomic dispersion of the Fe sites during the heat 

treatment. HAADF-STEM imaging of SA-Fe/NG revealed atomically dispersed Fe sites within a 

graphene-like morphology, possibly inherited from the layered structure of C3N4. The EXAFS 

analysis of SA-Fe/NG pointed to the prevalence of the 1.5 Å Fe-N (Fe-O) bond, rather than the 

2.5 Å Fe-Fe bond, also revealing a fourfold coordination of Fe by N (or O). The 57Fe Mössbauer 

spectroscopy confirmed that SA-Fe/NG contained the D1, D2, and D3 species, and the absence of 

any metallic phase. In RRDE experiments in 0.1 M KOH, the SA-Fe/NG catalysts exhibited 

excellent ORR activity (E½ = 0.88 V) and very good selectivity for the 4e- ORR pathway, with an 

average number of transferred electrons of 3.9.534 

Yi et al.535 used a Fe-porphyrinic triazine-based porous framework as a precursor for atomically 

dispersed Fe catalysts obtained at 400-600 C. A nitrile-functionalized Fe-porphyrin derivative 

(Fe-TPPCN) was first polymerized into Fe-porphyrinic triazine frameworks in the presence of 

ZnCl2, and then partially carbonized to form atomically dispersed Fe-Nx species under vacuum for 

40 h. In this approach, ZnCl2 not only promoted the trimerization of nitrile groups into triazine 

rings, but also served as a pore-forming agent. A strong IR absorption band at 1564 cm-1 confirmed 

the formation of triazine rings and partial carbonization of catalysts at 600 C. Only atomically 

dispersed Fe was found in STEM images of the Fe-Nx sites. EXAFS revealed a decrease in the Fe-

N bond from 1.59, 1.47 to 1.44 Å with an increase in the synthesis temperature from 400, 500 to 

600 C. As expected based on STEM data, no EXAFS band, assignable to the Fe-Fe bond, was 

found. Similar reduction in the Fe-N bond length was observed by Zhang et al. 536 as a result of 

the conversion of tetrahedral FeN4 structure in zeolitic imidazolate framework (ZIF) precursors to 

FeN4 sites in Fe-N-C catalysts during a high-temperature treatment.

4.3.4. MOF-Derived M-N-C Catalysts

Metal-organic frameworks (MOFs), a class of porous crystalline materials with tunable 

composition and functionality,537 have emerged as promising precursors for the synthesis of 
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M-N-C ORR catalysts. MOFs consist of periodically bridged metal ions and organic linkers that 

form ordered porous crystals. Among many available MOFs, zeolitic imidazolate frameworks 

(ZIFs) have attracted special attention as precursors for the synthesis of highly active M-N-C 

catalysts thanks to their abundant nitrogen content and high volume of micropores.503,508,537-539 In 

ZIFs, the imidazole-based ligands bridge transition-metal atoms into tetrahedral crystals, similar 

to the topologies of zeolites.503,537-539 Metal, nitrogen and carbon precursors can be integrated into 

the ordered porous crystal structure, allowing for a relatively high level of control over the 

composition and interactions within the ZIF precursors, which is not available in the traditional 

synthesis relying on physical mixing of nitrogen and carbon precursors. This makes ZIF-derived 

M-N-C catalysts attractive model systems for studying the formation of M-N-C sites during high-

temperature treatments.513,514 Zn-based ZIFs can also be converted to nitrogen-doped microporous 

carbons without the addition of a separate carbon support. This helps to increase the mass activity 

of catalysts by removing an ORR-inactive carbon component.503,539 
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Figure 26. (A) STEM image of atomically dispersed Fe catalysts. (B) SEM image of a Fe doped ZIF-8 

precursor. (C) STEM image and EELS elemental maps of BMOF-derived Co-Fe alloy nanoparticles. (D) 

ORR polarization curves for Fe nanoparticles contained Fe-N-C catalysts with/without acid-leaching. (E) 

The Mg cofactors’ geometries in different N-coordinated environments which tune εp of Mg atoms, and the 

corresponding density of states changes of OH after interaction with p-state of Mg. (F) ORR polarization 

profiles for Mg-N-C in O2-sat. 0.1 M KOH at 1600 rpm and 5 mV/s. (G) STEM images of adenosine-

derived Fe-N-C catalysts at various points (A-D) of carbon nanotubes; inset: enlarged point C. (H) ELLS 

analysis at regions of A-D in Figure G to detect Fe L edge. (K) RDE profiles of adenosine-derived Fe-N-C 

and 20% Pt/C with the same carbon loading in 1 M KOH at 1600 rpm and 5 mV/s. (A, B) Adapted with 

permission from ref. 543. Copyright 2019 The Royal Society of Chemistry. (C) Adapted with permission 

from ref. 461. Copyright 2019 American Chemical Society. (D) Adapted with permission from ref. 544. 
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Copyright 2017 Wiley. (E, F) Adapted with permission from ref. 546. Copyright 2020 Springer Nature. 

(G-I) Adapted with permission from ref. 553. Copyright by the authors 2017 American Chemical Society. 

In an early study, Ma et al. used a cobalt ZIF to prepare Co-N-C catalysts via a single-step heat 

treatment.508 An XAS study of the resulting Co-N-C catalyst revealed the presence of CoN4 sites 

that allowed for reaching an E½ of 0.68 V in an RDE study in acidic media. The catalyst had a 

large content of Co nanoparticles embedded in the carbon and low Brunauer–Emmett–Teller (BET) 

surface area (305 m2/g). One of the approaches used to prevent agglomeration of metals in ZIF-

derived catalysts has involved addition of Zn as a second metal, acting as a “separator” for the 

atoms of the ORR-active metal, such as Co, during the high-temperature step in catalyst synthesis. 

Since Zn has a relatively low boiling point (907 C), a Zn-containing ZIF precursor, e.g., ZIF-8, 

can be converted into a porous nitrogen-doped carbon during high-temperature treatment above 

900 C, resulting in BET surface area values as high as 1500 m2/g.540-542 When Fe and/or Co 

precursors are incorporated into ZIF-8 at moderate concentrations, catalysts free of metal-rich 

particles can be produced during the high-temperature treatment (Figure 26A).543-545 The thus-

obtained atomically dispersed M-N-C materials often tend to preserve the shape and morphology 

of their ZIF precursors (Figure 26B), indicating that the morphology of mostly carbon-based M-

N-C catalysts can be controlled by tuning the size and shape of ZIF precursors. Thanks to the 

relative homogeneity of the active sites and control over the ZIF morphology, ZIF-derived M-N-

C catalysts can serve as model systems in studies targeting an understanding of the role of metal 

sites and ORR mechanism. Atomically dispersed Fe catalysts derived from ZIF precursors showed 

excellent ORR activity in alkaline media. In a study by Chen et al.544 Fe(acac)3 was incorporated 

into the cavity of ZIF-8 via solution impregnation, followed by pyrolysis at 900 C under Ar, 

which resulted in atomically dispersed Fe sites in a Fe-N-C catalyst. The individual carbon 

particles in this catalyst preserved the same rhombic dodecahedron shape as its Fe(acac)@ZIF-8 

precursor. HAADF-STEM revealed excellent dispersion of Fe atoms in the catalyst, without the 

presence of Fe-rich nanoparticles; in agreement with XANES analysis. This MOF-derived catalyst 

exhibited high ORR activity in 0.1 M KOH with an E½ of 0.90 V achieved with a catalyst loading 

of 0.41 mg/cm2 and H2O2 yield of < 5%. Fe-N-C catalysts containing Fe nanoparticles were 

prepared using the same synthetic approach but with six times the amount of Fe in the precursor. 

As-received, the catalyst showed relatively low ORR activity, reflected by an E½ of only 0.82 V. 
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An acid leach helped to remove the majority of the Fe-rich nanoparticles, which resulted in an 

increase in the E½ to 0.86 V (Figure 26D). This study confirmed that atomically dispersed Fe sites, 

rather than Fe nanoparticles, are responsible for high ORR activity of the Fe-N-C catalysts. Liu et 

al. used DFT simulations to study the ORR activity of Mg, Al and Ca, which was inspired by the 

optimum affinity of oxygenated species to Mg cofactors in enzymes (Figure 26E).546 The results 

of that study showed that the transformation of O2 to OOH* at Mg and Al sites is exothermic and 

that the adsorption of OH* is weaker at Mg sites than on Ca and Al sites, making Mg the most 

suitable of the three metals for catalyzing the ORR. Of several possible coordination environments, 

Mg coordination to two nitrogen atoms (Mg-N2-C) results in a higher p-state location and thus in 

nearly optimal adsorption strength of OH*, resembling that of d-band metals, and promising higher 

ORR activity. In the follow-up to these calculations, a catalyst based on atomically dispersed Mg 

in a graphene framework (Mg-N-C) was synthesized by heat treatment of a Mg-based MOF. A 

high E½ of 0.91 V was measured with this catalyst in RDE testing in 0.1 M KOH (Figure 26F). An 

atomic-level modification of MOF-derived M-N-C catalysts was found necessary to maximize 

metal utilization. Li and coworkers designed a MOF-derived atomically dispersed Co catalyst 

containing a Co1-N3PS active moiety embedded in a hollow carbon polyhedron (Co1-N3PS/HC), 

which allowed achieving E½ of 0.92 V and a low Tafel slope of 31 mV/dec.547 Atomically dispersed 

Fe catalysts were also derived from other MOF precursors.548,549 

While it is generally recognized that high ORR activity of M-N-C catalysts in acidic media 

originates from M-N-C sites rather than metal nanoparticles,543,550 superior ORR activity of some 

nanoparticle catalysts was demonstrated in alkaline media.541,551-553 Abruña and coworkers 

designed bimetallic organic framework (BMOF) (ZIF-67 and ZIF-8) derived Co-Fe alloys 

embedded in carbon nanocomposites, using a combination of conventional self-assembly of MOFs 

and a guest-host strategy (Figure 26C).461 Co0.9Fe0.1, derived from BMOF_Zn6Co, exhibited 

promising electrocatalytic ORR activity in 0.1 M NaOH, with an E½ of 0.89 V vs. RHE, and robust 

durability during 30,000 CV cycles, which was ascribed to its structural and compositional 

integrity, confirmed by STEM and EDX measurements. Lou and coworkers a porous Fe0.3Co0.7 

alloy supported on N-doped carbon cages by a “MOF-in-MOF hybrid” confined pyrolysis 

strategy,552 which reached an E½ of 0.88 V. A nitrogen-doped carbon-nanotube/Fe-nanoparticle 

composite, prepared by high-temperature treatment of iron acetate, cyanamide and carbon, showed 

a bamboo-like morphology with iron particles encapsulated into graphene nanoshells.551 This 
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catalyst reached an E½ of 0.93 V and a H2O2 yield below 2%, and also showed excellent durability 

during 10,000 cycles. Jiang et al. reported BMOF-derived P-doped Co-N-C catalysts, which in 

addition to superior ORR catalytic activity exhibited better stability and tolerance to methanol than 

a reference Pt/C catalyst.554

Zhuang and coworkers used adenosine, FeCl3 and ZnCl2 as precursors in the solvothermal 

synthesis of Fe-containing N-doped carbon nanotubes (Fe-N-C).553 The presence of atomically 

dispersed Fe atoms in the nanotube walls was confirmed with HAADF-STEM (Figure 26G) and 

atomic-scale EELS (Figure 26H). The existence of Fe-N-C sites was also corroborated by 57Fe 

Mössbauer spectroscopy. The RDE performance in 0.1 M KOH of this Fe-N-C catalyst at a disk 

loading of 0.4 mg/cm2 was very similar to that of a Pt/C catalyst at a 0.08 mgPt/cm2 (the same 

carbon loading in both cases and thus similar catalyst layer thickness), yielding an identical E½ of 

0.93 V (Figure 26I). The Fe-N-C catalyst displayed only a 15 mV loss in the E½ after 10,000 

cycles, compared to a 40 mV loss measured with a Pt/C catalyst. In fuel cell testing, the Fe-N-C 

at a cathode loading of 4.0 mg/cm2 achieved a PPD of ~500 mW/cm2 at 60 C.553 Recently, 

atomically dispersed Fe-N-C catalysts, derived from MOF precursors, were reported to achieve 

high MEA performance with an ethylene tetrafluoroethylene-based membrane and ionomer.555 

After an additional NH3 treatment, the catalyst reached an E½ of 0.82 V at 0.2 mg/cm2 in RDE 

testing in 0.1 M KOH and a PPD of 1 W/cm2 at 60 C in MEAs with a Fe-N-C loading of 1.5 

mg/cm2 in the cathode and a high PtRu loading of 0.9 mgPtRu/cm2 in the anode.   

In summary, M-N-C catalysts have achieved ORR performance in alkaline media that 

matches, and in some cases exceeds, that of Pt/C catalysts in RDE testing. Further progress in the 

synthesis of M-N-C catalysts, especially those derived from highly porous MOF precursors, should 

lead to an increase in the active site density, promising further performance improvements in 

AEMFC cathodes. 

4.4 Non-Pt PGM ORR Catalysts  

Despite the high price and scarcity of Pt-group metals (PGMs), including Pt, Pd, Rh, Ir, Ru and 

Os, Pt and Pd-based catalysts have high intrinsic ORR activity for high-current applications in 

electric vehicles.556-558 While non-precious ORR catalysts offer the promise to drastically lowering 

the cost of fuel cell technologies, the search for other Pt-alternative PGM candidates can greatly 

diversify the choice of ORR catalysts especially for AEMFC applications demanding very high 

current and power densities, instead of solely relying on Pt-based ORR catalysts as in PEMFCs. 
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Here, we will emphasize the recent progress of Pd-based and Ru-based ORR catalysts in alkaline 

media and discuss several strategies to enhance their catalyst activity and durability.

Figure 27. Activity and Stability of Non-Pt Precious ORR Catalysts. (A) ORR polarization on different 

metal single crystals in 0.1M NaOH at 1600 rpm and 5 mV/s (B) Cross-section SEM-EDX maps of Pd-Cu 

alloy thin films deposited on a Ti adhesion layer on a glassy carbon electrode and the relative ORR activities 

as a function of Pd-Cu composition in alkaline media. (C) Extended long-term durability test of PdCu (1:1 

ratio) nanoparticles on carbon after a certain number of potential cycles between 0.6 and 1.0 V at 100 mV/s. 

(D) The surface activity (SA) and mass activity (MA) of Pd and Pt shell on AuCu intermetallic core 

materials, relative to Pd and Pt NPs, measured in 1M KOH. (E) The ORR polarization profiles of PdNi/C 

in 0.1M NaOH at 1600rpm and 5 mV/s before and after electrochemical dealloying in acid. (F) ORR 

polarization profiles of various metal oxides for the ORR in O2-sat. 0.1M NaOH at 1600 rpm and 5mV/s. 

(A) Adapted with permission from ref. 92. Copyright 2019 American Chemical Society. (B, C) Adapted 

with permission from ref. 117. Copyright by the authors 2020 American Chemical Society. (D) Adapted 

with permission from ref. 132. Copyright by the authors 2016 Elsevier. (E) Adapted with permission from 

ref. 134. Copyright by the authors 2020 American Chemical Society. (F) Adapted with permission from 

ref. 138. Copyright by the authors 2020 Elsevier 

Pd is the only transition metal with ORR activity comparable to Pt in alkaline media, despite 

its much lower ORR activity in acidic media. Early single-crystal metal studies showed the 
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following ORR activity order (mainly 4e-) in alkaline media: Pt(111)  Pd(111)  Ag(111) >  ≈ ≫

Rh(111)  Ir(111) > Ru(0001) (Figure 27A).559 Pd(100) single crystals exhibited a higher ORR ≫

activity than Pd(111) in acidic media, and similarily, Pd nanocubes with (100) facets showed an 

ORR activity three times higher than spherical Pd NPs in alkaline media.560-562 Au(111) 

predominantly generates peroxide via the 2e- process. In comparison, Au(100) shows a high 

selectivity for 4e- ORR at potentials above -0.2 V vs. SHE and a transition to 2e- ORR at potentials 

below -0.2 V vs. SHE in alkaline media, which was ascribed to the existence of a negative charge 

density on the metal surface that inhibits further reduction of HO2
-.563,564 Adzic and coworkers 

established a Volcano-type relation correlating the ORR activites of single-crystal PGMs in 

alkaline media to the d-band center, relative to the Fermi level, with Pt located at the peak point.559 

However, the traditional d-band center theory cannot explain the fact that Pd exhibits nearly the 

same activity as Pt despite their large differences in d-band center values. In-depth theoretical 

investigations are warranted to better understand the outstanding ORR activity of Pd in alkaline 

media. To further improve the ORR activity of Pd-based catalysts, a variety of strategies have been 

proposed, such as alloying with 3d meals, forming core-shell structures, doping with foreign 

elements, electrochemical dealloying, etc. Alloying Pd with 3d metals has been widely proposed 

to cause the contraction of the Pd lattice, weakening the surface oxygen adsorption energy and 

bringing it closer to the optimal value, which, in turn, enhances the ORR activity in alkaline 

media.565,566 Abruña and coworkers developed a high-throughput combinatorial approach, using 

magnetron sputtering, to prepare forty types of Pd-M (M=Fe, Co, Ni and Cu) thin-film electrodes 

with well-defined structures and various compositions as a high-throughput method to assess the 

ORR activity of Pd-based alloys in alkaline media (Figure 27B).565 The use of a replaceable disk 

electrode enabled the rapid and reliable evaluation of ORR activity using standard RDE 

measurements. PdCu with a 1:1 ratio was identified as the most promising candidate and showed 

an ORR activity twice as high as Pd films. Guided by thin-film studies, PdCu nanoparticles, 

supported on carbon, were synthesized with an ordered intermetallic phase and 2-3 atomic-layer 

Pd-rich shell. The PdCu/C not only validated the activity enhancement in thin-film studies, but 

also achieved a remarkable durability with only 3 and 13 mV negative shifts in the E1/2, which 

corresponds to 15% and 40% decay in mass activity after 20,000 and 100,000 potential cycles, 

respectively (Figure 27C). It was ascribed to the stable structure of ordered intermetallics and the 

generally enhanced stability of 3d metals in alkaline media. A recent MEA study, with a PdCu/C 
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cathode (0.58 mgPd/cm2) and a Pd/CeO2 anode (0.42 mgPd/cm2), demonstrated a promising PPD 

of ~1.0 W/cm2 at 70 oC and stable operation for 100h at 0.5 A/cm2.567 However, the loading of Pd 

is clearly very high, when compared to the typical Pt loading of ~0.1 mg/cm2 in the state-of-the-

art PEMFCs. Additional efforts are required to minimize the Pd loading while maintaining 

comparable MEA performance. 

Placing a monolayer or several atomic layers of PGMs on less expensive core materials is an 

attractive strategy to dramatically lower the loading of PGMs and fine tune the electronic structures 

of PGM surface layers by changing the compositions of the underlayers.568-570 Common strategies 

involve the galvanic displacement of surface layers of core materials by controllable etching with 

noble metal cations or Cu underpotential deposition (UPD) followed by galvanic displacement. 

Figure 27D shows the ORR activity of 1~2 atomic-layer Pd or Pt shells (skins) on AuCu 

intermetallic cores (PdSAuCu) in alkaline media.571,572 PdSAuCu showed a surface-specific activity 

(SA) five times as high as that of commercial Pd NPs while PtSAuCu exhibited a four-fold SA 

enhancement, relative to Pt NPs. Previous DFT calculations showed that placing 1.5 monolayers 

of Pt on AuCu(111) caused the oxygen adsorption energy to weaken by ~0.2 eV, relative to Pt(111), 

close to the optimal value predicted by the volcano plot of ORR activity in acid.572 Thus, it seems 

reasonable to ascribe the performance enhancement of PdSAuCu to the weakened oxygen 

adsorption energy induced by the AuCu underlayers. Besides galvanic displacement, 

electrochemical dealloying is another powerful method to intentionally etch 3d metals and form a 

Pd-rich shell. As shown in Figure 27E, after electrochemical dealloying in acid, PdNi/C formed a 

1-2 nm Pd-rich shell and exhibited a mass activity twice as high as Pd/C in alkaline media.573 In 

order to improve the long-term durability of Pt/Pd-based alloys, a small amount of foreign 

elements (e.g. Au, Rh) have been doped into PGM lattices.566,574 Au-incorporated into ordered 

PdZn/C (Au:Pd=1:40) exhibited an enhanced durability (<10% loss in the mass-specific activity 

(MA) after 30,000 cycles), which was ascribed to the addition of Au effectively suppressing the 

loss of Zn and maintaining the structural integrity during long-term cycling.566 It is interesting to 

observe that galvanic displacement of PdZn/C by Au resulted in the uniform distribution of Au 

through the entire lattice, in contrast to only surface Pt coating on Pd-based core materials. 

Although Ru metal and oxides are known as superior OER catalysts, but inferior ORR catalysts, 

their alloys with 3d metals have shown significantly enhanced ORR activity in alkaline 

media.575,576 Alloying Ru with only 5% Co (Ru0.95Co0.05) yielded the highest ORR activity among 
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Ru-M alloys (M=Co, Ni an Fe) and a four-fold enhancement of MA and SA as well as 40 mV 

positive shift of the E1/2, relative to Ru/C.220 Further increasing the Co contents to 10 and 30% did 

not increase the ORR activity. Preliminary DFT calculations ascribed such an activity 

enhancement to a negative shift of the d-band center, which often corresponds to a weakened 

oxygen adsorption energy. Nonetheless, even the most active Ru0.95Co0.05/C catalyst showed a 

much lower ORR activity with a more negative E1/2 by ~50 mV, relative to Pt/C. In a similar study, 

the formation of bimetallic Ru-M oxide (M=Co, Mn, Fe, Ni and V) showed significantly enhanced 

ORR activities (Figure 27F).576 Despite the poor ORR activity of RuO2, rutile-phase Ru0.7Co0.3O2 

and Ru0.85Mn0.15O2 showed significantly enhanced ORR activity with an E1/2 of 0.86 V vs. RHE, 

which is only 20 mV away from that of Pt/C, and close to 4e- selectivity in alkaline media. DFT 

calculations correlated the superior performance of Co and Mn-doped RuO2 to their optimal 

oxygen adsorption strength (i.e. weaker than RuO2 but stronger than Fe or Ni-doped RuO2). The 

oxygen adsorption energy on Mn or Co in M-doped RuO2 was also weakened, relative to pure 

MnO2 and Co3O4. A possible synergistic mechanism was then proposed: the ORR mainly takes 

place at Mn or Co sites while Ru sites lower the oxygen adsorption energy on Mn or Co sites and 

also effectively enhances the overall conductivity of the semiconducting MnO2 and Co3O4 

nanoparticles. Besides Ru-based catalysts, Ag-based materials also have demonstrated promising 

ORR activity in both RDE and MEA measurements in alkaline media. In fact, the first reported 

AEMFC employing an Ag cathode and Ni-Cr anode was reported in 2008.13 Given its much lower 

price, compared to Ru and Pt, one can afford to employ a high loading of Ag/C (~1 mg/cm2) on 

the cathode to achieve comparable MEA performance to Pt/C.577 However, based on phase 

diagrams, it is inherently challenging to form stable single-phase Ag-based alloys with most metals 

except the solid solutions of Ag-Au and Ag-Pd. Preliminary RDE results showed the higher 

activity of Pd-Ag alloys relative to Ag, which is likely mainly due to the very active Pd rather than 

Ag.578 Another approach to circumvent the poor solubility of Ag with other metals is to form Ag-

metal oxide hybrid catalysts. Hybrid catalysts of Ag-Co3O4/C showed much enhanced ORR 

activities, relative to Ag/C.579,580 XPS studies showed the reduction of Co3O4 to Co(OH)2 induced 

by the presence of Ag NPs, which was not observed in pure Co3O4. However, the chemical 

interactions between Ag NPs and Co3O4 NPs remain elusive and require in situ spectroscopic 

investigation.  

4.5 Catalyst Durability
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In order to implement realistic AEMFCs, ORR electrocatalysts need to not only achieve high initial 

activity, but also exhibit long-term durability. Extensive studies of PEMFCs have investigated the 

structural changes of Pt-based alloy catalysts related to performance degradation, such as Pt 

nanoparticle aggregation, Ostwald ripening, particle detachment, 3d metal leaching, corrosion of 

the carbon support, etc.581 Those structural changes often cause the loss of active sites (Pt and/or 

3d metals) as well as a decrease of the electrochemical surface area (ECSA), leading to smaller 

SA and/or MA. The catalyst durability is often evaluated with accelerated durability testing (ADT) 

protocols for RDE and MEA measurements.7,10 One RDE protocol recommended by the DOE is: 

triangular potential cycles between 0.6 and 1.0 V vs. RHE at 100 mV/s in O2-sat. electrolyte. Many 

ORR catalysts have shown promising durability with minimal activity decay after 10,000 or more 

cycles. While such preliminary RDE tests are helpful to identify which catalysts cannot survive 

after a short-time ADT test, they do not necessarily, and often fail to, predict a reasonably long-

time stable operation in MEA measurements. Catalyst durability in MEAs can be performed in 

mainly three different modes: constant voltage, constant current density or trapezoidal-wave cycle 

to simulate automotive operation conditions. One MEA protocol in PEFMCs recommended by the 

DOE is: trapezoidal voltage cycle between 0.6 and 0.95 V at 80 oC, 100% humidity and ambient 

pressure.582 The durability of catalysts needs to be deconvolved from that of membranes/ionomers 

in MEAs (Details will be covered in Section 7).               

The common leaching problem of 3d metals in acid can be effectively suppressed in base due 

to the minimal solubility of their metal oxides or hydroxides based on their Pourbaix diagrams. 

However, structural changes of ORR catalysts in alkaline media have still been widely reported 

after ADT tests in RDE measurements. For instance, Mn-Co spinels supported on carbon exhibited 

a mild metal dissolution and particle aggregation after 10,000 cycles in 1 M KOH.466 Stability of 

perovskites under low reduction potentials and nitrides under high oxidation potentials are topics 

under active investigation. Such structural or compositional changes can be examined by TEM, 

EDX, XPS, ICP-MS and Raman among other techniques and will be instrumental to understanding 

the catalyst degradation mechanisms and the design of more durable electrocatalysts. Additionally, 

it is of paramount importance to explore how to enhance the chemical interactions between catalyst 

nanoparticles and catalyst supports in order to better stabilize nanoparticles on supports. Carbon 

supports are widely used owing to their excellent electronic conductivity, highly porous structures 

with enormous surface areas, chemical inertness and low cost.581 However, carbon corrosion often 
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causes the detachment and aggregation of catalyst nanoparticles, leading to rapid performance 

degradation, especially under high potentials at the cathode during start-up/shut-down operations 

of fuel cells.492 Some progress has been made to replace carbon with corrosion-resistant supports, 

such as oxides, nitrides, and carbides, which will be discussed in Section 5.

4.6 Summary

In summary, this section reviews efforts to understand the complex ORR mechanisms in both 

acid and base and the recent progress of single-crystal and nanoparticle metal and oxide 

electrocatalysts for the ORR in alkaline media. We have introduced the fundamental differences 

of the ORR pathways and intermediates in acidic and alkaline media and discussed various 

elemental reaction pathways with the bifurcation point as the central step. In particular, we 

highlighted the in situ vibrational spectroscopic studies, as indispensable tools to identify the very 

challenging reaction intermediates during the ORR and their interactions with other solution 

species under electrochemical conditions. To understand the origin of larger ORR overpotentials, 

in-depth and systematic electrochemical studies on single-crystal Pt surfaces, based on RDE 

techniques, were employed to examine the proposed ORR pathways, quantify the lifetime of the 

short-lived intermediates and for the first time, narrow down the ORR mechanism on Pt surfaces 

to be CECE with potential-dependent RDSs. The activity trend differences on stepped Pt surfaces 

between acidic and alkaline media originated from the fundamental difference in interfacial water 

structures. Quantitative studies of the potential-dependent interfacial water structures and their 

impact on ORR activity were extensively discussed in terms of the pztc, pzfc and pme. 

The knowledge gained from Pt single-crystal studies lays down the essential framework to 

understand the ORR kinetics and is also instrumental to investigate the ORR of non-precious 

catalysts, including oxides, nitrides, M-N-C as well as Non-Pt PGM metals. The ORR activities 

on well-defined metal oxides were correlated to electronic structures with various descriptors, such 

as eg electron, M-O bond covalency and oxygen vacancies. We then introduced an important 

family of nanoparticle oxide catalysts, 3d spinel oxides, which outperformed Pt/C catalysts in 

alkaline fuel cells. The superior performance of Co-Mn spinels was ascribed to the synergistic 

effect of Co and Mn in which Mn prefers to bind O2 while Co prefers to bind and activate H2O. 

Metal nitrides and oxynitrides were designed to overcome the intrinsic low conductivity of metal 

oxide nanoparticles. We have discussed the identification of active sites, possible ORR 

mechanisms, and the correlation between M-N-C active sites and the activity/stability for M-N-C 
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catalysts. Finally, we discussed the design rules for non-Pt PGM catalysts, particularly Pd-based 

and Ru-based alloys, aiming for diversifying PGM catalyst candidates for achieving high power 

densities in applications like electric vehicles. Overall, various non-precious and non-Pt precious 

metal catalysts exhibit outstanding ORR activities based on preliminary RDE measurements. 

However, whether these highly active ORR electrocatalysts can show similar enhancement in 

realistic MEA tests is still an open question. We encourage the fuel cell community to adapt MEA 

measurements, even in early stage catalyst development, to perform evaluation under realistic fuel 

cell conditions. 

5 ELECTROCATALYST SUPPORTS
A critical component of fuel cells that significantly affects their electrochemical performance, life 

cycle and durability is the catalyst support material. In general, the support provides the surface 

upon which metal catalyst particles are deposited, and can play a synergistic role in the catalytic 

and mass transfer processes that are interlinked in the electrochemistry of fuel cells.583-586

While catalyst supports are ubiquitous in heterogeneous catalysis and are found in a broad range 

of compositions, the choices of supports for fuel cell electrocatalysts are more limited and involve 

more constraints. In fuel cells, electrochemical half-cell reactions occur at three-phase 

interfaces/boundaries between the solid catalysts, polymer electrolyte, and gaseous reactants. The 

reactants are typically small molecules (e.g., hydrogen and oxygen) that are introduced to the cell 

in the vapor phase (often humidified) and transported through a gas diffusion electrode (GDE). 

Because the three-phase catalytic interface is connected to the electrical circuit of fuel cells, a basic 

requirement of the electrocatalyst support is high electronic conductivity. In addition, supports 

must also have a high surface area in order to achieve the desirable catalyst metal dispersion, 

porosity to facilitate gas flow, and good chemical and physical stability under fuel cell operating 

conditions.583-586

In this section, we describe the main categories of supports for alkaline fuel cells. In the first 

section, we focus on carbon catalyst supports, which have a long history of utilization in PEMFCs, 

AEMFCs, and other alkaline electrochemical systems. We review the broad variety of carbon 

materials, focusing on the parameters that can affect their performance, especially in alkaline 

media. In the second section, we describe conductive non-carbon supports that have been studied 

both in PEMFCs and alkaline fuel cell applications.
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5.1 Carbon Catalysts Supports 

Carbon utilization in electrochemical cells for energy generation dates back to the 19th century 

when Humphrey Davy used graphite as an electrode for the arc lamp and William Jacques 

presented his carbon battery. One of the first reports regarding the use of carbon as a component 

of fuel cells was in 1937, when Baur and Preis used coke as an anode. It was in the 1950s though, 

that Kordesch and Marco first used oxygen-depolarized carbon as an electrode for a 

carbon/potassium hydroxide/zinc cell,587 paving the way for the use of hydrophobic porous carbons 

as catalyst supports in alkaline media.588 During the same period, parameters that determine the 

performance of carbon supports during operation including gas transport, electrolyte effects, 

resistance and chemisorption of the catalyst on the carbon surface, were identified.589

Porous carbon materials continue to be widely used due to their morphology and properties that 

fulfill the prerequisites of an electrocatalyst support as articulated above. More specifically, 

structural characteristics such as high surface area and porosity, in combination with properties 

such as conductivity and the presence of active sites, justify their selection while their 

electrochemical stability and low cost make them very popular, relative to other support 

materials.584,590-592

5.1.1 Structures and Properties of Carbon Materials 

Carbon black (CB), which is the most commonly used material for fuel cell applications, is derived 

from the incomplete combustion of heavy petroleum products. Usually, CB has a paracrystalline 

structure593 consisting of carbon particles of various sizes forming graphitic layers with a range of 

surface area values starting from ~ 230 and reaching up to ~1600 m2/g depending on their 

source.584,594-595 Regarding porosity, CB typically consists of a high-volume percentage (around 

50%) of micropores (i.e., pore sizes < 1 nm).596 Prior to use, CBs are further treated in order to 

remove impurities and obtain more active catalytic sites. The activation procedure is performed 

either via oxidative or thermal treatment at high temperature (~1100 oC) and results in an activated 

carbon with higher crystallinity and surface area. Vulcan XC 72 is the most widely used carbon 

black in the literature for PEMFCs, and has an electrical conductivity of ~4.0 S/cm and a surface 

area of ~230-250 m2/g.584,595

With the emergence of new carbon allotropes, various materials have been examined for their 

electrochemical performance and their potential as catalyst supports. One of the most frequently 
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studied, mostly due to their high surface area, is carbon nanotubes (CNTs). CNTs, which are 

usually synthesized via chemical vapor deposition (CVD) from hydrocarbons, consist of 

hexagonal graphitic layers in a tubular structure. Depending on how many layers are rolled 

concentrically they are distinguished as single wall (SWCNTs) or multiwall carbon nanotubes 

(MWCNTs). The outer diameter of CNTs ranges from 10 to 50 nm while their inner diameter is 

3-15 nm. Their typical length varies from 10 to 50 μm and their BET surface area ranges from 400 

to 900 m2/g for single wall and 200 to 400 m2/g for multiwall nanotubes, respectively. While 

SWCNTs are microporous, MWCNTs possess two types of porosity: a fraction of pores with a 

small diameter of 3-6 nm and a fraction of larger pores of 20-40 nm diameter.585,597 The 

conductivity of CNTs depends on the wrapping direction of the graphitic layers, rendering them 

metallic or semiconducting.590

Carbon nanofibers (CNFs) are imperfect cylindrical/tubular structures consisting of graphite 

layers and are derived from the decomposition of organic polymers such as polyacrylonitrile 

(PAN) or carbon containing gases like methane. Even though their surface area of 90-210 m2/g 

does not exceed that of CNTs, their very low levels of impurities, insignificant content of 

micropores (1%), high electrical conductivity and resistance to corrosion are considered 

advantageous characteristics for fuel cell applications.591,598

Along with CNTs and CNFs, 2D graphene also exhibits promising properties that have led to 

its electrocatalytic evaluation as a catalyst support. Among these properties, the most beneficial 

for fuel cell applications are its high theoretical surface area (~2630 m2/g) and high electrical and 

thermal conductivity.599 Carbon nanodots (CNDs), nanohorns (CNHs) and nanocoils (CNCs) have 

also been studied as catalyst supports. In the case of CNDs, apart from their facile synthesis and 

low cost of production, their small size (10nm) provides high surface area suitable for the 

dispersion of metal NPs while their high oxygen content (~10%) is considered advantageous since 

there is no need for further functionalization prior to the deposition of the metal catalyst.600 

Comparably, semiconducting carbon nanohorns (CNHs) that consist of horn-shaped aggregates of 

graphene with diameters of about 2–5 nm and lengths from 40 to 50 nm,601 also demonstrate high 

surface area that can reach up to 1025 m2/g.602 Finally, CNCs, a category of CNFs that have a 

helical-shape, a low content of micropores, a high electrical conductivity and have been examined 

as supports for catalytic NPs in DMFCs and PEMFCs exhibiting promising performance.603,604
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One of the basic prerequisites of catalysts supports is the high surface area that facilitates and 

promotes uniform dispersion of catalyst NPs. Compared to commonly used CB such as Vulcan, 

CNTs have a significantly higher surface area that permits a higher loading of catalyst NPs. Both 

the outer and the inner surface of CNTs, with a large diameter up to 200 nm, can be utilized for 

the deposition of electrocatalytic NPs.605,606 Similarly, when graphene-based materials are used as 

supports, their structure and morphology affect catalyst utilization. For instance, their planar 

structure can facilitate the interaction of edge planes with the catalytic NPs. Nevertheless, 

graphene, due to van der Waals interactions, has a tendency to agglomerate, resulting in blocking 

of the catalytic sites on the surface and thus inhibiting electrocatalytic activity.586,607 Porosity is 

another parameter that affects the effectiveness of catalyst supports, since the size of the pores 

determines the accessibility of embedded catalysts to the electrolyte and affects the mass transport 

of reactants and the uniformity of catalytic nanoparticle distribution on supports. 

Figure 28. Graphical representation of the synthesis of (A) periodically ordered macroporous 

carbon framework with mesoporous walls. (B) hierarchical porous carbon of tuned macro-meso 

Page 141 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



141

and micro porosity by employing a modified hard template method (c) synthesis of Pt/ mesoporous 

nitrogen-doped carbon spheres via a soft template method. (A) is reproduced with permission from 

ref 609. Copyright 2004 Wiley. (B) is reproduced with permission from ref 612. Copyright by the 

authors 2013 Royal Society of Chemistry. (C) is reproduced with permission from ref 615. 

Copyright 2017 Elsevier.     

In general, the presence of macropores and mesopores allows easier gas flow and higher 

accessibility of electrolyte to the electrocatalytically active sites. In order to achieve sufficient 

transport of reactants, synthetic procedures that allow the creation of macropore-mesopore 

channels via hard template methods are used resulting in ordered porous structures. The most 

common way to obtain the desired structure is by nanocasting, achieved usually by using a silica 

hard template filled with carbon-containing materials. After calcination, the template is removed 

leaving an ordered graphitic network (Figure 28A,B).596,608-612 As an alternative, the synthesis of 

the support can include the use of soft template precursors including polymeric surfactants (Figure 

28C).613-615 The supports synthesized by both methods allow a better dispersion of catalyst NPs 

due to the presence of macropores and mesopores resulting in enhanced catalytic performance. 

However, the hydrothermal synthesis of carbon materials e.g., reduced graphene oxide, can result 

in 3D hierarchical morphologies without the use of any template.616 Micropores on the other hand 

are able to host a high density of metal active sites617 but their existence can often result in the 

deactivation of NPs used as the catalyst if gas flow is not also favored or if the electrolyte cannot 

permeate the micropores. More specifically, it has been found that for CBs that consist of large 

amounts of micropores smaller than 1-2 nm, the supply of the gaseous fuel to the catalyst surface 

is not smooth/even and pores are not easily accessible to the electrolyte resulting in tangled, non-

active catalyst NPs and a lower number of triple phase boundary active sites.618,619

Of note is the inverse correlation between porosity and electrical conductivity since increased 

porosity of the support can lead to lower conductivity, such as in the study of doped porous 

CNFs620 and CNTs.621 Defects are also a crucial factor that can affect electrochemical performance. 

In carbon materials, it has been shown that edges and lattice defects with unpaired electrons or 

carbonyl groups create active sites that enhance electrocatalytic reactions occurring on the surface 

of the electrocatalyst, while at the same time they can induce hydrophilicity.622 With that in mind, 

one can explain the high activity of CNTs, where edge sites promote catalyst nanoparticle 
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anchoring.584 Similarly, graphene edges possess two times higher reactivity than atoms situated in 

the bulk, facilitating faster electron transfer.623 Moreover, other topological defects e.g., Stone 

Wales defects, have been reported to enhance the ORR by lowering the energy gap between the 

highest occupied and lowest unoccupied molecular orbital (HOMO and LUMO).623 Additionally 

it has been reported for certain carbon structures, e.g. carbon nanocages, that an increase of 

topological defects, like holes or broken fringes, leads to higher ORR activity.624,625

The lateral size of the carbon support particles has also been suggested to have a significant 

impact on the electrochemical performance.592 A study on N-doped graphene quantum dots 

showed that a larger particle size resulted in improved ORR activity but did not provide a clear 

explanation for the size-depenedence.626 A less acknowledged, but important, factor that can affect 

the catalytic performance of carbon supports is the presence of impurities, such as trace amounts 

of metals inherited during the synthesis. Even if the amount of such species is very low, even at 

undetectable levels, they tend to have a profound effect and promote electrocatalytic activity 

towards the ORR, as previously discussed in the comparision of metal-free N-C and M-N-C 

catalysts (Section 4.3). 

Even if different carbon materials have distinct structural characteristics and properties, 

comparing them in terms of suitability as supports for fuel cells is not a simple task. For example, 

CNTs have emerged as promising catalyst supports, due to their high crystallinity, conductivity 

and surface area, and anchoring effect of edge sites.584,585 Their 1D nature could lead to the 

formation of long-range ordered channels for efficient ion transport in anion exchange membranes 

(AEMs).627 In addition, Shao et al.628 reported that SWNTs, with a higher specific surface area, 

favor a better dispersion of Pt NPs, relative to double wall and multiple wall CNTs. 

Generally, the comparison of carbon supports is challenging because one must consider various 

parameters. Apart from the initial structural features including porosity, surface area, crystallinity, 

and conductivity, other restrictions such as the production cost and complexity of preparation, need 

to be considered. In terms of catalyst utilization, where surface area is a crucial factor, CNTs and 

graphene surpass most CBs while carbon nanohorns have also demonstrated promising results for 

the ORR to H2O2.629
 However, in terms of cost, CNTs are significantly more expensive than most 

commercial carbon supports, such as Vulcan, Ketjen Black and graphene nanosheets. 

5.1.2. Surface Reactions and Corrosion of Carbon Supports
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Another critical parameter affecting the performance of catalyst supports is their stability during 

fuel cell operation. In general, PEMFCs only allow the use of Pt-based catalysts with a small 

fraction of 3d metals, while alkaline fuel cells enable the use of much lower cost 3d metals, and 

oxides. In addition, precious and non-precious catalysts and supports also generally exhibit higher 

stability in alkaline media than in acidic media.630,631 However, it is worth mentioning that some 

studies appear to contradict this trend. For example, Chatenet reported that Pt NPs supported on 

Vulcan carbon experienced a loss of ECSA in alkaline media three times higher than in acid, which 

was attributed to the aggregation and detachment of Pt NPs due to changes of the support chemical 

properties, which caused weaker interaction with Pt NPs.632 Whether this difference in stability 

measured in an aqueous electrolyte can be translated into MEA measurements remains to be seen 

in further investigations.  

It is fair to note that despite recent efforts, fewer studies focusing on the stability of carbon 

supports in alkaline media have been reported, relative to those in acid.633-635 The most critical 

reaction regarding carbon supports that jeopardizes the efficiency of the electrocatalysts during 

fuel cell operation is the carbon corrosion that accompanies the ORR. Carbon corrosion is a 

primary degradation mechanism that not only affects the support structures, such as the porosity 

and consequently the transport of reactants, but also induces the detachment or agglomeration of 

catalyst NPs.581,636 

The peroxide species produced during the ORR can react with the carbon surface forming 

carbon-oxygen groups, leading to a decrease of the initial hydrophobicity and formation of more 

defects and possibly CO2 or CO formation, leaving inner carbon atoms subjected to further 

corrosion.631 Tomantschger et al.637 suggested that carbon corrosion during the ORR in alkaline 

media could cause increased wettability, which results in internal flooding and reduces the 

available density of pores for gas transport. They proposed that further modification of support 

surfaces such as heat activation or fluorination could enhance tolerance towards corrosion and 

consequently increase electrocatalyst stability. Similarly, Lafforgue et al. reported that metal 

catalysts such as Pt and Pd suffer extensive detachment in alkaline media and locally catalyze the 

corrosion of carbon supports by forming CO, which can poison Pt catalysts and then CO2 at high 

potentials, which can combine with OH– and form carbonates.
638 The formation of carbonates is 

additionally affected by the catalyst loading. In a study of Pt NPs supported on Vulcan, it was 

found that at high Pt loading, the formation of carbonates occurs above 0.5 V vs. RHE, whereas 
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for lower loading the corresponding value was above 0.8 V, suggesting a catalytic effect of Pt 

towards carbon corrosion.639

As expected, the chemistry of the support plays a critical role in corrosion and degradation 

processes. For example, catalytic NPs follow different degradation mechanisms, when supported 

on different carbon materials. In particular, when Pd NPs were supported on Vulcan XC-72R, their 

degradation was attributed mainly to particle detachment, while in the case of graphene 

nanosheets, it was caused by dissolution and redeposition of isolated NPs followed by coalescence 

of agglomerates.640 The structures of carbon supports can also affect stability. For instance, the 

corrosion of Vulcan carbon caused the collapse of the catalyst while in the case of CNF, this was 

suppressed even for severe carbon corrosion. The result was attributed to the 1D continuous shape 

and large-diameter of CNF.641 Recently, Muller and coworkers examined Pt and Pt-Co catalysts 

supported on carbons with different porosities in durability tests in MEAs and showed that, despite 

the fact that different carbon supports resulted in similar rates of Pt dissolution, high-surface-area 

Ketjen Black exhibited a much better ECSA retention than Vulcan carbon.642 

5.1.3. Functionalization of Carbon Supports

Functionalization of carbon supports, resulting in oxygen containing groups such as carboxylic 

acids and ketones, is mainly accomplished by acid treatment (e.g., HNO3 or H2SO4). This treatment 

is typically required in order to transform the inactive surface of carbon through the generation of 

anchoring sites for the catalyst. Despite the necessity of functionalization, it can have undesired 

side effects including the creation of defects in the lattice or even changes to the surface area. It 

has been almost 40 years since McBreen and coworkers643 during their study using four types of 

commercial CBs as platinum supports for phosphoric acid fuel cells, reported that the surface 

chemistry of the support and, in particular, hydrophobicity and internal porosity affected their 

catalytic performance. 

More recently, a study focusing on oxygen functionalization of CB supports and its effect on 

their activity and stability was presented by Kim et al.644 The study described the development of 

Pt on carbon catalysts using commercial Vulcan XC-72R and compared it with its mildly oxygen-

functionalized counterpart. As expected, the oxygen functionalized support showed higher ECSA 

and higher ORR activity, relative to the unfunctionalized one. However, the functionalized support 

was less stable, which was attributed to the oxidation of Pt particles triggered by the functional 
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groups resulting in NP dissolution and leading to a decrease in their catalytic activity. Similarly to 

CB, functionalization of CNTs is usually performed by harsh oxidative methods,645,646 resulting in 

the creation of functional groups, including -OH and -COOH on the initially inert surface, which 

can serve as anchoring sites for the catalytic metal NPs.  

Despite its importance regarding the utilization of catalyst, functionalization can have a 

negative effect on the ESCA of the electrocatalyst. Molina et al. studied different carbon materials 

and, in particular, commercial CB, graphene oxide (GO) and MWCNTs. All supports had similar 

Pt catalyst loadings but TEM revealed that the distribution and particle size of Pt electrocatalysts 

was different for each support.647 Pt NPs on CB exhibited very good homogeneity with particle 

diameter, ranging from 3-4 nm. Pt on MWCNTs retained high homogeneity but the mean diameter 

of Pt particles increased to 4.5 nm, with some large particles reaching 7 nm while Pt on GO showed 

a mean diameter of 3.8 nm. The ECSA of Pt on GO and reduced GO supports was 1.8 and 3.5 

m2/g, respectively, considerably lower than that of Pt/CB and Pt/MWCNTs (20.6 and 15.3 m2/g, 

respectively). These results were attributed to the higher content of oxygen in GO and rGO. Pt/rGO 

showed a slightly better performance than Pt/GO due to the lower content of carbonyl and carboxyl 

species on its edges, which hinder the ORR. 

5.2 Metal Electrocatalysts Supported on Carbon

Pt and Pt-based alloys, due to their superior activity and stability, are the most widely used catalysts 

in both PEMFCs and AEMFCs. CB was among the earliest carbon supports for Pt, with its initial 

use, dating back to the 1970s. In fact, deposition methods that were established at that time, such 

as the one that Jalan and Bushnell patented in order to reduce Pt migration during fuel cell 

operation, are still followed to date.648,649 However, due to the susceptibility of CB to corrosion, 

its electrochemical instability and low degree of catalyst utilization, research has recently turned 

to other carbon materials.585 Exploiting the already mentioned characteristics of CNTs, a vast 

number of studies have reported their use to support Pt or Pd alloys in PEMFCs619,646,650,651 and 

AEMFCs.652 Pt NPs can be deposited on CNTs by a variety of methods including vapor deposition, 

electrodeposition or via the reduction of metal salts.653-655 For example, Shao-Horn and 

coworkers650 reported that 31 wt % Pt /MWNTs catalyst exhibited an ORR MA of 0.48 A/mgPt at 

0.9 V vs. RHE, three times higher than that of 46 wt% Pt on a commercial carbon support. 

Similarly, Minett656 reported using a microwave reduction technique to produce Pt/MWNT, which 
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served as the oxygen cathode (0.1 mgPt/cm2), with a Pt/C anode (0.2 mgPt/cm2), to achieve a 

specific MA of 0.81 gPt/kW in PEMFCs. 

Although graphene is considered as an ideal material against carbon corrosion due to its 

graphitic nature, other variables such as the lateral size and number of layers present can 

complicate its evaluation as a support.657 Moreover, given its lack of oxygen containing groups, 

the functionalization of its surface is a prerequisite step to enable a high dispersion of anchored 

catalytic NPs. On the other hand, the formation of such groups results in defects and decreases the 

conductivity of the carbon support. To tackle this challenge, Huang and coworkers used a soft 

chemical method to oxidize graphene nanoplates (GNPs). The material retained the intrinsic 

structure of graphene with a significantly lower density of framework defects.658 In an effort to 

enhance the interactions between Pt-based alloys and carbon supports, Abruña and coworkers 

developed metal-organic framework (MOF)-derived Co-N-C with a BET surface area over 1000 

m2/g as carbon supports for Pt-Co electrocatalysts for the ORR.659 Atomically dispersed Co-N-C 

can serve as the anchoring sites to stabilize the Pt-Co NPs on carbon supports through covalent 

Co-N bonds. Pt-Co/Co-N-C hybrid electrocatalysts exhibited an initial ORR MA of 0.46 mA/μgPt 

at 0.9 V vs. RHE, surpassing the DOE 2020 target (0.44 mA/μgPt), and a minimal activity loss 

after 80,000 potential cycles. 

Figure 29. (A) Top: 3D STEM tomography of Pt NPs, with exterior Pt in red and interior Pt in 

blue on two types of carbon supports, Vulcan and high-surface-area Ketjen Black carbon (HSC 

KB). Bottom: Cross sections of 3D reconstructions perpendicular to the imaging axis. (B) Pt 

utilization with different types of carbon supports and metal loadings measured by CO-stripping 
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in MEAs with varied relative humidity (RH%). (A-B) are reprinted with permission from ref 660. 

Copyright by the authors 2018 The Electrochemical Society.

In order to directly visualize the distribution of Pt NPs on porous carbon supports, we recently 

employed cryogenic STEM 3D tomography to study the distribution of Pt nanoparticles on both 

the outside and the inside of Vulcan and high-surface-area KB carbon (HSC) with different Pt 

loadings. The reconstruction 3D models clearly identify the inner Pt NPs marked in blue and outer 

Pt marked in red, as shown in Figure 29A.660 The 3D segmented tomography of solid carbon and 

hollow carbon supported Pt NPs, with varied loading, was gained from the conventional cross-

sectioned STEM images shown (Figure 29A, lower part). This enabled a determination of the 

correlation between the morphology of nanoparticle catalysts, internal pore region structure, and 

pore accessibility. It is clearly evident that the exterior Pt is dominant for Vulcan, whereas the 

majority of Pt is embedded inside of the pores of HSC KB, especially for the 50 wt.% Pt loading. 

Coupled with automated quantitative analysis, the 3D tomography enables a calculation of the 

specific surface area and interior Pt fraction, which is consistent with electrochemical results.660 

The Pt utilization efficiency shown in Figure 29B at different relative humidity (RH) during MEA 

operation, further reveals that essentially all Pt NPs are accessible to protons in liquid at 100% 

RH, whereas at RH < 50%, only exterior Pt NPs contribute to the surface catalytic reaction since 

the narrow pores preclude the infiltration of ionomers, which are crucial for proton transport in 

PEMFCs. 

Among the alternatives to Pt catalysts, Pd shows ORR activities comparable to Pt in alkaline 

media, despite its much lower ORR activity in acidic media (Section 4.4). Pd showed a higher 

stability than Pt especially in direct ethanol fuel cells.661,662 As expected, the type of carbon, and 

its structural properties, have a great influence on the activity of Pd. Zheng et al.645 reported that 

Pd NPs supported on CNTs showed a uniform particle size distribution of 3-6 nm, smaller than 

that on activated carbon fibers (7-12 nm), which led to the enhanced activity of Pd/CNTs towards 

ethanol oxidation. A similar study663 showed that the SWNTs support exposed a larger Pd surface 

area than MWCNTs, resulting in enhanced ethanol oxidation activity. Similar to Pd, when Au NPs 

are supported on carbon supports, the catalyst formed exhibits improved ORR activity in alkaline 

media.664 When Au NPs with sizes smaller than 5 nm were supported on the edges and vertices of 

CNTs, Au/CNTs exhibited similar onset and half-wave potentials to Pt-based electrocatalysts for 
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the ORR in alkaline media.664 Similarly, rGO, which is rich in hydroxyl and carboxyl groups, has 

been used as support to immobilize Ag NPs (<10 nm) at a high loading of 60 wt.%. Ag/rGO 

showed a higher ECSA and enhanced ORR activity, relative to commercial Ag/C.665

Another approach towards the development of more inexpensive catalyst systems is the use of 

non-precious transition metals in alkaline media. MnOx and CoOx supported on functionalized 

CNTs also showed 4e- ORR activity in alkaline media.666,667 Recently, Abruña and coworkers 

reported that MnCo2O4 spinel particles, grown on KB, exhibited higher ORR activity and enhanced 

mass transport, relative to these grown on Vulcan XC-72, benefiting from the much higher surface 

area of KB.466 Zhao et al. reported that Pd/MnO2 hybrid catalysts on MWCNTs exhibited a two-

fold activity increase for the methanol oxidation reaction, relative to commercial Pd/C, which was 

ascribed to MnO2 providing numerous nucleation sites that prevented the aggregation of Pd 

NPs.668,Regarding other metal oxides, Hu described in detail the ORR behavior of iron oxides -

GO catalysts showing their enhanced activity and stability in alkaline solutions.669 

5.3 Heteroatom-Doped Carbon Supports

Another major strategy for lowering the cost of electrocatalysts is the use of metal-free supports 

and more specifically heteroatom doped carbon structures. It is commonly accepted that doping 

causes electron modulation and defects in the carbon framework changing the electronic structure 

of electrocatalysts. For that reason, the effect of doping with elements like N, B, S or P, is of high 

interest in many catalytic systems including fuel cell applications. There is a plethora of reports 

showing that heteroatom doped carbon supports present similar or even enhanced catalytic activity 

compared to Pt supported systems.623 The effects of doping, however, depend on numerous factors 

such as functional edge sites or topological defects. In general, doping is performed either in situ 

during the synthesis of the carbon support or by post treatment using a suitable precursor 

containing the dopant, with strategies such as heat treatment and carbonization, chemical vapor 

deposition or hydrothermal methods.592,670

5.3.1 Nitrogen Doped Carbon Supports

The most common heteroatom dopant is nitrogen. The promising ORR activity of N-doped 

carbons (N-C) and M-N-C was discussed in detail in Section 4.4. It is believed that nitrogen 

dopants donate electrons to the π orbital in carbon, which can then be transferred to the π* orbital 
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of O2, facilitating the splitting of oxygen bonds and increasing the ORR kinetics.671,672 Dai and 

coworkers reported that Co3O4 NPs (4~8 nm) supported on mildly reduced GO (rmGO) exhibited 

a 4e- reduction of oxygen with a high E1/2 of ~0.83 V vs. RHE close to that of Pt/C in alkaline 

media (Figure 30A).455 N-doping in rmGO significantly increased the ORR activity and lowered 

peroxide formation (Figure 30B), which was ascribed to the intimate interaction between small 

Co3O4
 NPs and N-doped rmGO through possible Co-O-C or Co-N-C bonds, as supported by soft 

XAS measurements.455 They later reported on a similar promoting effect of N-doped rmGO on the 

ORR of MnCo2O4 in alkaline media.456 To investigate the effects of N-doping levels, Sheng et al. 

synthesized nitrogen doped graphene by annealing GO mixed with melamine (Figure 30C) at 

various temperatures.673 They found that the nitrogen configuration and not the amount of nitrogen 

was the main factor affecting the ORR activity. They reported that pyridinic nitrogen, as the main 

nitrogen species based on XPS, is responsible for the ORR performance enhancement. Similarly, 

N-doping on CNTs and CNHs also showed promising ORR activity.674-676 

Figure 30. (A) High-resolution TEM (HR-TEM) image of Co3O4 NPs supported on N-doped 

reduced graphene oxide (Co3O4/N-rmGO) (B). RRDE profiles of Co3O4 NPs on rmGO with and 

without N-doping in 0.1 M KOH at 1600 rpm, 5 mV/s. (C) Graphical representation of synthesis 

of nitrogen doped graphene (NG) and nitrogen configuration in NG. (D) Schematic illustration of 

nitrogen doping of graphene resulting in different N states. (E) Voltage-current curves of Pt/C and 

near-surface P-doped Pt/C (PNS-Pt/C) as oxygen cathode (0.15 mgPt/cm2) in PEMFCs in H2-air 
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mode at 80 oC. (F) In situ FTIR spectra of CO adsorbed on PNS-Pt/C and Pt/C in 0.1 MHClO4 at 

0.10 V. Inset: near-surface P doping on Pt(111) model for DFT calculation. (A-B) are reproduced 

with permission from ref 455. Copyright 2011 Springer Nature. (C) is reproduced with permission 

from ref 673. Copyright 2011 American Chemistry Society. (D) is reproduced with permission 

from ref 677. Copyright 2012 Royal Society of Chemistry. (E-F) is reproduced with permission 

from ref 682. Copyright 2021 American Chemistry Society

To explore the effects of different nitrogen species, Lai et al.677 used a variety of nitrogen 

sources and a range of annealing temperatures to generate different nitrogen species during 

graphene doping (Figure 30D). They proposed that pyridinic nitrogens changed the 2e- mechanism 

to a 4 e- pathway and improved the onset potential, while graphitic nitrogen determined the current 

density.677 In contrast, in a later study it was reported that isolated pyridinic or graphitic nitrogen 

species can improve the activity of doped carbons, but when those species interact, electron 

donation is not favored, which lowers the ORR activity.678 In order to explain these somewhat 

contradictory results, one must consider that even though it is generally believed that both graphitic 

and pyridinic nitrogen serve as ORR active sites, identification and quantification of nitrogen 

configurations are mainly based on XPS analysis. Different XPS peak fitting methods could lead 

to different interpretations of nitrogen spectra.592

5.3.2 Carbon Supports Doped with Other Heteroatoms

Like nitrogen, sulfur has also been considered as a possible heteroatom that can be doped into 

carbon supports in order to facilitate the ORR. Sulfur has a very similar electronegativity to carbon 

when incorporated into the carbon lattice, and can induce strain and stress modulating changes of 

charge to adjacent carbon atoms.592 For instance, Li et al.679 showed that S-doped CNTs exhibited 

enhanced ORR activity with a 4e- process in alkaline media, owing to the formation of thiophenes 

after the doping process. Similarly, P-doped MWCNTs increased the electron transfer number 

from 2 to 3 in the ORR, owing to the change in charge density.680 A P-doped graphite layer catalyst 

also showed improved ORR acitvity.681 Recently, Sun and coworkers reported that P introduced 

into the near surface of commercial Pt/C (PNS-Pt/C) showed a 7-fold increase in the ORR activity 

in RDE measurments. Further MEA tests of PNS-Pt/C in H2-air PEMFCs achieved a higher PPD 

of 1.06 W/cm2 with a Pt loading of 0.15 mg/cm2 and a doubling of the current density to 1.54 
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A/cm2 at 0.60 V, relative to Pt/C (Figure 30E).682 The performance enhancement was ascribed to 

the P doping inducing Pt surface distortions, which led to the formation of concave Pt sites with 

an optimal OH binding energy for the ORR. In situ FTIR of PNS-Pt/C exhibited a weaker CO 

chemisorption energy, which often corresponds to faster ORR kinetics for Pt-based 

electrocatalysts (Figure 30F). It should be noted that NiSO4 was used to promote the 

decomposition of NaH2PO2·H2O through the formation of NiP, favoring the P doping, which 

resulted in a P/Pt atomic ratio of ~19% and less than 1% Ni. Although the author claimed that such 

a low Ni contents could not induce lattice contraction as in traditional PtNi alloys, it is possible 

that a low coverage of Ni on the Pt surface can contribute to the ORR enhancement.  

Finally, when carbons are doped with boron, the charge neutrality of carbon atoms is modulated 

due to the substitution of boron atoms in the sp2 lattice. Doping is usually accomplished via 

pyrolysis with boron precursors such as boric acid. In general, there is a positive correlation 

between the amount of boron and the catalytic activity. Additionally, the pyrolysis temperature 

significantly affects the electrochemical performance since it determines the formation of the 

active B-C sites that can promote the ORR in alkaline media.592,683 

5.4 Non-Carbon Electrocatalyst Supports

Non-carbon electrocatalyst supports offer a number of potential advantages over carbon supports, 

although they face significant challenges as well. Graphitic carbon supports tend to interact weakly 

with polar metal catalyst NPs except at defect and edge sites. Non-carbon supports, including metal 

oxides, nitrides, chalcogenides, and carbides, can interact more strongly with metals through 

covalent bonding or polar non-covalent forces. Non-carbon supports can also provide enhanced 

catalyst stability by eliminating the carbon corrosion that leads to catalyst degradation, but they 

typically cannot attain the very high surface area or conductivity of carbon supports. As carbon 

supports corrode, catalyst particles detach and coalesce, becoming less active and compromising 

fuel cell performance,684,685 which was recently directly visualized by in situ liquid-cell TEM 

studies of Pt-Ni NPs weakly supported on carbon.686 

Metal oxide supports are used extensively in heterogeneous catalysis because they can confer 

stability through strong covalent and polar interactions with catalyst NPs. Interfacial catalyst-

support bonding inhibits catalyst ripening, agglomeration, and in some cases, also increases the 

activity by improving catalyst dispersion. Oxide supports can also exert synergistic effects that 
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include nanoparticle encapsulation, participation in bifunctional reaction mechanisms, spillover 

effects, lattice strain, and molecular orbital mixing.687-690 Early transition metal oxides that have 

unfilled d-orbitals interact strongly with d-electron rich, catalytically active late transition 

metals,691 a covalent bonding effect that is associated with the strong metal-support interaction 

(SMSI).692 Despite these advantages, most metal oxides are electronically insulating, and even 

deliberately doping them may not impact sufficient conductivity for them be used as catalyst 

supports in alkaline fuel cells. In contrast, many metal nitrides and carbides are good electrical 

conductors while having the same advantages in catalyst stabilization as early transition metal 

oxides.

In addition to conductivity and the stabilizing effects of the metal-support interaction, the 

morphology, porosity, surface area, and degree of catalyst dispersion are also important features 

to optimize. This section describes relevant research on non-carbon electrocatalyst supports, 

grouped by composition, and highlights the strengths and weaknesses of each along with ideas for 

how they might be improved. Several reviews have been written about electrocatalyst supports 

and some specifically cover non-carbon supports.693-695 Here we will focus specifically on non-

carbon supports, the history of their use in PEMFCs, and potential applications in AEMFCs. 

5.4.1 Metal Oxide Catalyst Supports

The most commonly studied metal oxide electrocatalyst support is TiO2 which is due to its high 

surface area, conductivity in doped forms, and its success as a heterogeneous catalyst support as 

well as its use in photocatalytic reactions. The metal-support interaction692 has been well 

characterized for TiO2 but it is a wide band gap semiconductor (3.0 eV) and thus a very poor 

electronic conductor in undoped form. Huang et al. studied Pt nanoparticles on mesoporous TiO2 

films for the acidic ORR and found that they were more active than Pt/C and more resistant to 

degradation upon cycling than unsupported Pt particles.696,697 Pt/TiO2 achieved a higher PPD (0.95 

W/cm2) than Pt/C (0.8 W/cm2) (Figures 31A-B).698 They measured the ECSA as a function of time 

under a constant current density of 0.5 A/cm2 and found that the active surface area of Pt/TiO2 

decreased three times more slowly than that of Pt/C.698,699 They postulated that retention of the 

ECSA resulted in higher activity of Pt/TiO2 after aging. Several studies confirmed that titania 

supported Pt catalysts are more stable than Pt/C.698,700,701 It should be noted that conflicting results 

have been reported by other authors on TiO2 as an electrocatalyst support, where the they found a 
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higher series resistance in the system and attributed it to the lower conductivity of titania.702,703 

Doping by introducing oxygen vacancies or other cations, such as Nb, has been shown to increase 

the conductivity704 and there have been many attempts to modify TiO2 to improve its performance 

as an electrocatalyst support.705 Bauer et al. found that TiO2 reduced with H2 was more stable 

electrochemically than when calcined in air, but not as stable as Nb-doped titania.700,706 Many types 

of TiO2 and its derivatives have been shown to suppress the degradation/poisoning of catalysts 

compared with carbon supports.707,708 

Mallouk et al. studied Ti4O7 and mixed TinO2n-1 phases (Ebonex) supported Pt-Ru-Ir catalysts 

for the ORR and OER in acidic media. The enhanced activity and stability were ascribed to strong 

electronic interactions between the catalyst and support. They found that Ti tends to be oxidized 

at very positive potentials (1.6 V vs. RHE) during the OER, which decreases its conductivity and 

leads to poorer catalyst utilization.702,703,709 Experimental proof of stability is often obtained either 

by comparing the ECSA or activity before and after an accelerated degradation test (ADT) or by 

comparing the catalyst/support morphology before and after aging. Dang et al. observed that Au 

NPs on TiO2 showed minimal thermal sintering after treatment at 500 °C for 4 h, whereas Au 

particles on carbon grew 5-10 x larger under the same conditions.710
 

Figure 31. (A-B) Polarization curves in PEMFCs using Pt/TiO2 and Pt/C after applying a potential 

as an accelerated stress test over several time ranges. A Pt loading of 0.5 mg/cm2
 was used on the 

anode and 0.4 mg/cm2 on the cathode. (C) Voltage-current curves of Pt supported on high-surface-
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area carbon (HSAC) and Ti-RuO2 (TRO) before and after 1,000 oxidizing potential cycles at 80 
oC and 40% RH. (D) ORR kinetic current density of Pt/Ti0.7Mo0.3O2 at 0.9 V vs. RHE before and 

after stability test of 5,000 potential cycles in 0.5 M H2SO4. (E) XANES spectra and (F) variations 

in unfilled d-states of the Pt LIII-edge showing a decrease in intensity as the metal-support 

interaction becomes stronger. (A-B) are reprinted with permission from ref 698. Copyright 2009 

American Chemical Society. (C) is reprinted with permission from ref 713. Copyright 2014 

National Academy of Sciences. (D-F) are reprinted with permission from ref 711. Copyright 2011 

American Chemical Society.

 Most of the work on metal oxide electrocatalyst supports has been done by mixing titania 

precursors with another transition metal in order to achieve n-type doping. Siracusano et al. studied 

Nb-doped TiO2 as a catalyst support for the acidic ORR. They were able to make TiO2 with a 

relatively high surface area of 279 m2/g and lower series resistance than KB.707 Several different 

tests of Nb-TiO2 supports report lower corrosion currents than Pt/C.706-708 Pt supported on 

Ti0.7Mo0.3O2 showed significantly better stability than PtCo/C and Pt/C during the ORR in acidic 

media (Figure 31D).711 This was ascribed to the noticeable electron transfer from oxide to Pt as 

evidenced by the relative density of unfilled d-states extracted from XANES (Figures 31E-F).711 

Park et al. also reported a decrease in the XANES edge intensity of the Pt LIII-edge with a Nb-TiO2 

support, indicating an electron transfer from the oxide support to Pt, which might explain the 

superior ORR activity of Pt/Nb-TiO2, relative to Pt/C.712 Ramani and coworkers recently reported 

that Ti-RuO2, with a good conductivity of 21 S/cm, showed significantly enhanced durability for 

supported Pt NP as the oxygen cathode in PEMFCs, with an 18% loss in MA after 10,000 voltage 

cycles in MEAs, compared to a 52% loss in the case of Pt/C(Figure 31C).713 Pt on TiRuO2 also 

showed much less corrosion under oxidizing voltage cycles between 1.0 and 1.5 V, which are often 

triggered by fuel cell startup and shutdown, relative to the severe carbon corrosion of Pt/C under 

the same conditions. 

Doped tin oxides and indium tin oxide (ITO) are well-known conducting metal oxides that have 

widespread use in touchscreens and transparent glass electrodes. This makes them interesting 

candidates to study as electrocatalyst supports. Several studies have found success with these 

materials in various electrochemical environments but the stability of SnO2 and its derivatives in 

alkaline media is in question since SnO2 is amphoteric and can dissolve in both strongly acid and 
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alkaline environments.714-716 It is possible that conductive SnO2 supports could be stabilized by 

surface passivation, e.g., with TiO2 or other stable oxides, in order to remain active over long 

periods of operation in alkaline fuel cells. Cerium oxides have been successfully used as catalyst 

supports in high temperature electrolyzers and heterogeneous catalysis because they stabilize the 

catalyst particles, are good oxide ion conductors, and can maintain catalyst morphology and 

activity at high temperatures.717 The problem with using ceria as a support in low temperature 

applications is its low conductivity in the undoped form. To address this problem, Wu and 

coworkers mixed ceria with molybdenum oxide to enhance its conductivity, and showed promising 

activity towards methanol oxidation.718 Some work has been done on using other transition metal 

oxides as electrocatalyst supports with promising results. Atanassov and coworkers made Pt/NiO 

and Pt/MnO2 and compared their performance to Pt/C for ammonia electrooxidation in alkaline 

media. They found that Pt/NiO had a peak current about two times higher and a better durability 

than Pt/C.719 XPS of Pt/NiO and Pt/MnO2 showed a shift in the Pt 4f peaks towards higher binding 

energies, relative to Pt/C, indicating electron donation from the oxide support to Pt, but it could 

not be determined if the effect arose from the metal-support interaction or from the smaller size of 

the Pt particles.

5.4.2 Metal Nitrides and Carbides as Electrocatalyst Supports

In addition to the 3d metal nitride ORR electrocatalysts discussed in Section 4.2.4, the most 

commonly studied metal nitride support is TiN, which shows exceptional stability and corrosion 

resistance along with good electronic conductivity in PEMFCs and direct methanol and ethanol 

fuel cells. Sampath and coworkers reported that Pt supported on TiN showed better stability for 

methanol oxidation than PtRu/C.720 In situ IR spectroscopy showed a prominent band around 3250 

cm-1, indicating the presence of Ti-OH groups formed upon oxidative cycling, which could 

facilitate methanol oxidation by removing the intermediate species. Pt supported on TiC and TiCN 

also showed promising activity for the methanol oxidation reaction.721 Chen and coworkers 

designed a three-dimensionally porous titanium oxynitride decorated with ultrafine Co metal 

particles.722 The composite exploited an oxygen vacancy-induced strong metal support interaction 

to stabilize the Co NPs, which had comparable ORR activity to Pt/C in alkaline media and 

extended cycling stability in an alkaline Zn-air battery. 
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Figure 32. (A) ORR kinetic current density at 0.9 V vs. RHE measured in 0.1 M KOH before and 

after stability tests of 5,000 potential cycles. (B) Schematic of placing few-atomic-layer Pt on Ti-

Ni nitride through pulse electrodeposition (PED) and mass and specific activities of Pt/C, TiN@Pt, 

and TiNiN@Pt catalysts before and after the durability test of 10,000 potential cycles. (C). 

Voltage-current density curve of AEMFC in H2-O2 mode of PtRu/Mo2C-TaC and PtRu/C at 70 
oC. (D) Chronopotentiometric titration experiments for stability mapping of WC with titration 

currents held at 0.0 and 0.1 mA/cm2 to outline the regions of immunity, passivation, and surface 

oxidation/dissolution. (A) and (B) are reprinted with permission from ref 723, 724. Copyright 2013, 

2016 American Chemical Society, respectively. (C) is reprinted with permission from ref. 727. 

Copyright 2021 American Chemical Society. (D) is reprinted with permission from ref 728. 

Copyright 2012 Elsevier.  

Nitrides of the early transition metals are typically good electronic conductors and a number of 

studies have explored their properties as catalyst supports in fuel cells. DiSalvo and coworkers 

synthesized a mesoporous and highly conductive ternary nitride Ti0.5Nb0.5N by coprecipitation 
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followed by ammonolysis.723 Pt/Ti0.5Nb0.5N exhibited good catalytic activity for the ORR, with a 

higher SA (0.53 mA/cm2) at 0.9 V for the ORR in acid, relative to Pt/C (0.25 mA/cm2) and slower 

activity decay by 19% after 5,000 cycles than that of Pt/C (29%). In alkaline media, Pt/Ti0.5Nb0.5N 

also showed a kinetic current 2.2 times higher than Pt/C and a smaller activity decay of ~23%, 

relative to Pt/C (~34%) (Figure 32A). Recently, Adzic et al. employed pulse electrodeposition 

(PED) to place a 2-3 atomic-layer of Pt on a TiNiN support, which achieved a 4-fold and 2-fold 

increase in MA and SA, respectively, for the ORR in acid, relative to Pt (Figure 32B). Moreover, 

such a thin-layer Pt on TiNiN exhibited only a slight loss of activity after 10,000 potential cycles 

in RDE measurements, which was ascribed to the strong interaction between the Pt and the nitride 

substrate.724 Wei and coworkers reported that Pt supported on Ti0.9Co0.1N showed a two-fold 

increase in mass activity at 0.9 V vs. RHE, relative to Pt/C and enhanced durability for the ORR 

in acid, which correlated to the stabilizing effect against Pt oxidation/dissolution induced by 

electron transfer from the nitride support to Pt.725 CrN was also reported to serve as a support for 

Pt NPs and a Pt/CrN catalyst showed a higher ECSA of 82 m2/g than Pt/C (75 m2/g), which led to 

higher methanol oxidation activity and enhanced stability owing to the strong interaction between 

Pt and CrN.726

In addition to titanium nitrides and titanium carbonitrides, titanium carbides have also been 

reported as catalyst supports with high conductivity, high corrosion resistance, and robust 

electronic interactions with noble metal catalysts.191 Recently, Dekel and coworkers prepared 

mixed carbides with Mo, Ta, and W to support PtRu for the HOR in alkaline media. In situ XANES 

spectra under HOR conditions (0.05 V vs. RHE in 0.1 M KOH) showed a pronounced decrease in 

adsorption edge intensity for all carbide-supported PtRu with the most significant decay for 

PtRu/Mo2C-TaC, relative to PtRu/C.727 This indicates that TaC induces a larger degree of electron 

transfer from carbides to fill the Pt d-states than W2C and Mo2C, and is consistent with the superior 

HOR activity of PtRu/Mo2C-W2C over three carbides in RDE measurements. To validate the 

feasibility of using carbide supports in AEMFCs, MEA measurements of a PtRu/Mo2C-TaC 

anode, with a Pt/C cathode, showed a promising PPD of 1.2 W/cm2 at 70 oC in H2-O2 mode (Figure 

32C). However, it should be noted that both the anode and cathode had a very high PGM loading 

of 0.7 mg/cm2. Whether the carbide will hinder the mass transport of reactants at lower Pt loading 

requires further investigation. PtRu/carbides demonstrated enhanced durability, relative to Pt/C in 

RDE measurements after 5,000 potential cycles, which correlated to lower PtRu loss/detachment 
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from supports, relative to Pt/C. It remains an open question as to the durability of PtRu/carbides 

as the hydrogen anode in MEAs over long time periods. Carbide supports may also be sufficiently 

stable to serve as the oxygen cathode at oxidizing potentials in MEAs. 

Another type of carbide that has been recently studied as a catalyst support for the alkaline ORR 

is tungsten carbide (WC).728,729 Chen and coworkers used chronopotentiometric (CP) titrations to 

determine the electrochemical stability of the carbide electrocatalyst supports, WC, W2C, and 

Mo2C. The titration curves were conducted at current densities of 0 and 0.1 mA/cm2 and the region 

in between those two current densities was defined as the passivation region, where the material 

could function without much risk of surface oxidation or dissolution. All three carbides have large 

regions of passivation at low pH values and narrow passivation regions in neutral and alkaline 

solutions, which indicates that the surface oxides of these three carbides are increasingly unstable 

at higher pH (Figure 32D).728 WC exhibits enhanced resistance to surface oxidation in acidic 

solution and comparable stability in neutral/alkaline solution to Mo2C and W2C. The authors 

suggested that WC could stably operate in the potential range for the HOR while being unstable at 

oxidizing potentials during the ORR. The stability of Pt supported on WC for the ORR in alkaline 

media requires examination in RDE and MEA measurements.  

Other electrocatalyst supports have ranged from simple materials such as pure metals to more 

complicated structures and stoichiometries. Liu and coworkers studied an Ag-modified nickel 

foam as a substrate for providing high conductivity and stability, reaching over 96% of its original 

activity after 10 h and improving the charge transfer rate of Ru(OH)x/Ag/NF in alkaline water 

electrolyzers. The authors proposed that Ag doping contributed to the oxidation of Ru(III) to 

Ru(IV), which benefited the HER in alkaline media.730 Duan et al. used CoAl layered double 

hydroxides as supports to stabilize Pd NPs for the alkaline ethanol oxidation, which was stabilized 

by the formation of Pd-OH bonds.731 In a related study, hydroxyapatite (HAP), a calcium 

phosphate that is rich in surface hydroxyl groups, was studied as catalyst support for Pd NPs for 

alkaline ethanol electrooxidation.732 Layered metal oxides can serve as a high-surface-area 

oxidation-resistance support for fuel cell electrocatalysts.733

5.5 Summary

In summary, the basic requirements for a fuel cell catalyst support are high surface area, which 

promotes catalyst dispersion, porosity that facilitates gas flow and polymer electrolyte penetration, 

and high electrical conductivity and stability during operation. Carbon materials combine many of 
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these properties. Their high surface area and porosity, conductivity and the presence of active sites, 

combined with their availability and cost make them very attractive among other support materials. 

Carbon black is the most commonly used material as a support for fuel cell applications. With the 

emergence of various carbon allotropes, new materials such as carbon nanotubes and nanofibers, 

graphene and carbon dots, have been studied for their electrochemical performance and their 

potential as catalysts supports. Their performance is also affected by structural properties, 

including the surface area and porosity, while the chemistry of their surfaces significantly affects 

their stability, since it modulates the degree of corrosion that takes place during fuel cell operation. 

Functionalization of carbon supports leads to the creation of oxygen containing groups that 

transform the surface of carbon into a reactive form that allows the catalytic NPs to be immobilized 

on the active sites. In the quest of lowering the cost, researchers have turned their attention to the 

use of non-precious electrocatalysts or the development of metal-free supports via heteroatom 

doping. 

Beyond carbon, a broad family of materials, including conductive oxides, nitrides and carbides, 

can provide improved catalyst stabilization, and often higher activity for electrocatalytic reactions 

in both acidic and alkaline media. These materials also provide synergistic effects such as 

modulation of d-band filling and direct participation in bifunctional catalytic cycles. With metal 

oxides, the principal challenge is low electrical conductivity, relative to carbons. The best studied 

early transition metal oxides and nitrides (e.g., Ti oxides, nitrides, and oxynitrides) are susceptible 

to oxidation and loss of conductivity, especially in alkaline media where oxidation and de-doping 

occur at less positive potentials. However, the potential parameter space of conductive oxides, 

carbides, nitrides, and other materials is broad and still relatively unexplored, and thus continues 

to hold promise for enhancing catalyst durability in alkaline fuel cells.      

6. ALKALINE MEMBRANE/IONOMER DESIGN AND SYNTHESIS

Anion exchange membranes (AEMs) facilitate the flow of ions (OH-) in alkaline/anion 

exchange membrane fuel cells (AEMFCs). Polymers bearing either pendant or main-chain cations 

can serve as the membrane in AEMFCs. The identity, and concentration of cationic functionality 

and the polymer backbone itself impact initial performance, long-term durability, mechanical 
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properties and processability. Numerous studies on cation and backbone stability have improved 

the field’s understanding of the degradation pathways that hinder successful AEM implementation 

in membrane electrode assemblies (MEAs) and has led to the development of more stable and 

mechanically robust AEMs. Here, we highlight recent innovations in hydrocarbon-based AEM 

materials with specific attention to cation and backbone stability. There are a number of literature 

reviews that focus on the cation stability and/or synthetic methodologies to achieve AEMs.14,734-

740 This section is meant to be a comprehensive look at cation stability and degradation 

mechanisms and present the best-in-class results from polymer membranes as a part of an even 

more comprehensive overview of the field. Below, the sections are divided by choice of cation and 

backbone for the membrane. The cation stability section is focused on ammoniums, imidazoliums, 

and phosphoniums which have all shown promise as stable pendant cations in AEMs.741-744 The 

membrane discussion highlights the design and synthesis of hydrocarbon-based AEMs that paved 

the way for achieving high-performance and durable AEMs under MEA operating conditions. 

6.1 Cation Stability

The stability of the cation is critical for continuous hydroxide transport and needs to be addressed 

in parallel with backbone stability. Numerous cationic functionalities have been studied for use in 

AEMs that vary in both the charge carrying atom and type of substituents to enhance the interactive 

steric/electronic environment and promote charge delocalization. These primarily include, but are 

not limited to imidazolium, phosphonium, ammonium, sulfonium, and metal-based cations. The 

main cationic degradation mechanisms that have been observed: nucleophilic substitution, beta-

hydrogen (Hofmann) elimination, nucleophilic addition, phosphine oxidation, and alpha-hydrogen 

abstraction are depicted in Schemes 3–7. 

A wide variety of experimental methodologies have been employed to study cation stability 

and degradation. Temperature, hydroxide concentration, solvent and reaction vessel can all 

influence the cation degradation rate and mechanism; thus, varying these conditions from study to 

study make for inconsistent results. For example, model compound studies on 

benzyltrimethylammonium (BTMA) conducted under a variety of conditions have shown 

conflicting outcomes. Many literature accounts show a low stability of BTMA in alkaline media745 

owing to the facile SN2 attack at the benzylic position746-748 (Scheme 3A), while other accounts 

claim that BTMA, in fact, is stable in alkaline media.746,749 Discrepancies between literature reports 
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are most likely due to the numerous experimental parameters making it challenging to objectively 

compare the stabilities of cations for AEMs across the field; thus, standardized conditions for 

cation stability experiments have been proposed.745,749 Further details on the parameters of these 

studies and specific factors that influence cation stability are discussed in greater detail in (Section 

6.1.1) with BTMA as a case study, but a brief summary of the effects of some of the parameters 

are given below.

Temperature: 60-100 ºC is the target operating temperature range for AEMFCs for optimal 

reaction kinetics and CO2 removal. Higher temperatures up to 160 ºC748 have been used to 

accelerate the degradation of cations. However, at higher temperatures, the predominant 

mechanism of degradation may change748 rather than simply accelerating the degradation rate. 

This temperature-dependent behavior contributes to the range in degradation mechanisms reported 

for a particular cation. Potential changes in degradation mechanism as a function of temperature 

warrants more study to understand the exact effect of temperature on the degradation reactions 

observed for cations in alkaline solution. However, when considering cation degradation in 

AEMFCs, the temperature for the study should be within the operating range for AEMFCs to 

ensure that the study is an accurate representation of the system. 

Hydroxide Concentration: Hydroxide concentrations ranging from 0.25-6 M have been used 

to examine the stability of organic cations at fuel cell operating temperatures (Tables 2-5). The 

concentration of hydroxide in solution can influence cation solubility, degradation rate, and 

degradation mechanism. In some systems, a lower hydroxide concentration is favorable for the 

solubility of organic cations,746 while higher hydroxide concentrations can lead to insolubility and 

impact both the observed degradation rate and mechanism. A higher hydroxide concentration can 

accelerate the rate of degradation of the cations affording a reduced time for experiments. 

However, degradation reactions that are second order or higher in hydroxide may be favored at an 

increased hydroxide concentration, thus altering the degradation mechanism. Coates and 

coworkers demonstrated this in imidazolium-based cations where switching from 2 to 5 M KOH 

changed the observed degradation products750 due to a change in degradation mechanism.

Solvent: Solvent-cation compatibility is pertinent to both the observed degradation mechanism 

and rate. Different chemical environments arise from partial solubility or insolubility which 

significantly impacts the observed degradation rate, and potentially the mechanism of degradation. 

Methanol is primarily used to ensure organic cation solubility due to its compatibility with a variety 
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of cationic systems.745 However, methanol produces harsher alkaline conditions because of its 

lower dielectric constant (ε) compared to water (ε = 33 and 80, respectively). A lower dielectric 

constant lessens the solvation of the ions and leads to higher reactivity between the 

methoxide/hydroxide ions and the cationic functionality, thus influencing the observed cation 

degradation rate. Additionally, the methoxide anion is more nucleophilic than the hydroxide 

present in aqueous alkaline conditions which further contributes to differences in observed 

degradation rates. If deuterated solvents with labile protons such as D2O and CD3OD are used, 

then deuterium exchange with the cation can convolute the quantification of degradation.745,749 The 

use of CD3OH can mitigate this issue745 but does not resolve the difference in observed degradation 

rate and mechanism associated with using methanol as a solvent for these experiments. 

Reaction Vessel: The vessel used to perform the stability study can interfere with the observed 

degradation rate and mechanism from the cation interacting with the vessel itself, uneven heating, 

and escape of volatile degradation products. When a glass vessel is used, hydroxide can etch the 

glass, thus lowering the pH of the solution and yielding an artificially higher stability.749 Teflon, 

fluorinated ethylene-propylene (FEP), and polypropylene containers and liners can be used to 

avoid etching, but absorption of the degradation products has been observed in FEP liners, which 

can convolute the analysis of the degradation mechanism.751 Uneven heating can lead to the sample 

temperature being lower than intended and influence the degradation rate.749 Volatile degradation 

products can be lost if the container used for the stability study is not sealed or if the solution is 

transferred between containers before characterization, resulting in misleading analyses. Using 

sealed nuclear magnetic resonance (NMR) tubes can ensure that all degradation products are 

retained.745 

It is important to keep these factors in mind when comparing results across studies. Herein, we 

summarize the alkaline stabilities of the most commonly studied classes of cations: quaternary 

ammoniums, imidazoliums, and phosphoniums, in various media at elevated pH and temperature, 

and highlight the predominant mechanisms leading to their degradation.

6.1.1 Quaternary Ammonium Cations 
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Figure 33. Naming scheme for quaternary ammoniums (QAs) discussed herein, counteranions 

omitted for clarity.

Quaternary ammoniums are the most commonly implemented cations in AEMs as they are 

easily appended to membranes either through post-polymerization functionalization, or via the 

direct polymerization of quaternary ammonium functionalized monomers. However, ammoniums 

are susceptible to several degradation mechanisms with the favored pathway depending on the 

substituents. For example, membranes with trimethylammonium (TMA) cations appended using 

an alkyl linker predominantly degrade by SN2 demethylation (Scheme 3B) whereas the primary 

degradation mechanism for trimethylammonium cations appended in a benzylic position (e.g., 

BTMA) is SN2 attack at the benzylic carbon (Scheme 3A).746-749 Additionally, quaternary 

ammonium cations with substituents containing hydrogens beta to the nitrogen are susceptible to 

Hofmann elimination (Scheme 3C) which competes with SN2 attack on the alkyl substituent 

(Scheme 3B).746-748 Similarly, cyclic ammoniums can undergo SN2 attack at the α-carbon with 

respect to the nitrogen atom, or Hofmann elimination, both leading to ring opening (Scheme 3D, 

E, respectively).747,752-755 There have been numerous studies directed at understanding and 

improving the stability of quaternary ammoniums by identifying and mitigating the effects of these 

degradation pathways, many of which are discussed herein.
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Scheme 3. Observed degradation pathways for tetraalkylammonium cations. (A) SN2 attack at the 

benzylic position. (B) SN2 attack at the alpha position. (C) Beta-hydrogen (Hoffman) elimination. 

(D) SN2 attack at the alpha position of the ring causing ring-opening. (E) Beta-hydrogen (Hoffman) 

elimination on the ring causing ring-opening

6.1.1.1 Benzyl Substituent Stability 

BTMA is the stability standard to which most cations are compared.741-743,745-748,750,756-759 

However, studies of BTMA alkaline stability have been reported utilizing an array of 

conditions which, in turn, produces vast variability in the reported BTMA stabilities. Solvent 

choice influences the degradation rate, and thus is one of the main contributing factors to varying 

results. Yan and coworkers demonstrated the effect of differing CD3OD:D2O ratios on the percent 

degradation of cations in alkaline media.756 For example, in their study of BTMA in 2 M 

KOH/D2O, no degradation was observed after 96 h at 80 ºC, but when 3:1 CD3OD:D2O or CD3OD 

were used as the solvents, BTMA had 85% and 49% cation remaining, respectively (Table 2, entry 

1), indicating that CD3OD facilitates the degradation of BTMA more than D2O, as the basic species 

and cation solvation have changed.

In an attempt to standardize the conditions under which BTMA stability is studied, Pivovar 

and coworkers established a procedure to obtain reliable stability data for BTMA in alkaline 

media.749 The procedure employs Teflon-lined Parr reactors placed in an oven and the use of an 

internal standard sealed in a capillary when acquiring NMR spectra of the resulting solutions. The 

use of Teflon liners prevents hydroxide etching of glass containers, as the production of silicates 
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can lower the pH of the solution. The Parr reactors were placed in the oven to avoid reflux in the 

headspace of the reaction vessel. The sealed capillary with the internal standard prevents the 

hydroxide from degrading the internal standard. Low concentrations of BTMA (0.1 M) ensure 

solubility in 2 M aqueous KOH. This was necessary to prevent deuterium exchange and retain 

similar solvent polarity present in AEM operating conditions. With these potential sources of error 

eliminated, BTMA showed great stability with 96% cation remaining after 2000 h at 80 ºC in 2 

M KOH (Table 2, entry 2). 

Mohanty and Bae compared the alkaline stability of 11 ammonium cations against BTMA, all 

but one of them having a benzylic connection. Using Ag2O in D2O, the halide counterion was 

exchanged with OD- so that cation degradation could be monitored by 1H NMR.746 The study was 

performed in D2O to maintain solvent polarity and mimic the conditions present during AEM 

operation, similar to Pivovar’s use of H2O.749 Instead of using low cation concentration, 

quantitative exchange to the hydroxide form was used to retain the solubility of BTMA in water, 

as the cations were not soluble in highly concentrated hydroxide solutions. After heating at 60 ºC 

or 120 ºC in D2O for 672 h, the degradation products were extracted into CDCl3 and analyzed by 

NMR and gas chromatography–mass spectrometry (GC-MS) to determine the degradation 

pathways. The investigation revealed that 87% of the BTMA cation remained (Table 2, entry 3) 

with nucleophilic attack at the benzylic position (Scheme 3A) as the only observed degradation 

pathway. 

While these studies imply that BTMA has sufficient stability for implementation in AEMs, 

Mohanty and Bae showed that there are more stable ammonium alternatives.746 The model 

ammonium compound without benzylic substituents (QA2) was the most stable, requiring harsher 

conditions to detect any degradation byproducts. QA2 showed 66% cation retention in 2 M 

NaOD/CD3OD at 90 ºC (Table 2, entry 4) with degradation occurring primarily by Hofmann 

elimination (Scheme 3C).

The increased stability of alkyl-substituted ammonium cations was further supported by 

alkaline stability studies performed by the Coates group using a standardized protocol they 

proposed could be used to obtain comparable cation stability results across the field.745 The percent 

cation remaining was quantified for a variety of cations after 720 h in 1 and 2 M KOH/CD3OH at 

80 ºC in sealed NMR tubes. The use of excess hydroxide in CD3OH ensures no interference in 

determining cation stability by hydrogen-deuterium exchange, and the sealed NMR tube ensures 
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that volatile degradation products are not lost. Using these conditions, only 11% of the BTMA 

cation remained (Table 2, entry 5), with nucleophilic substitution at the benzylic position (Scheme 

3A) as the major degradation pathway (67%), and nucleophilic substitution at the methyl position 

(Scheme 3B) as the minor degradation pathway (22%).747 Replacing the benzylic substituent with 

an aliphatic group (QA9) boosted cation retention to 94% (Table 2, entry 6). The improved stability 

is attributed to the elimination of nucleophilic displacement of the benzylic substituent (Scheme 

3A) as it is a far more facile reaction than demethylation (Scheme 3B) or Hofmann elimination 

(Scheme 3C); which are the potential degradation pathways for the alkyl-TMAs. 

Many studies report that all alkyl ammoniums show higher stability than BTMA, but the extent 

to which the stability improves depends greatly on the conditions used for the study. Hickner and 

coworkers report 80% of BTMA remaining in 0.6 M NaOD/(3:1 CD3OD:D2O) at 120 ºC after 3 

h760 (Table 2, entry 7). With the addition of a three-carbon spacer between the ammonium and the 

benzyl group (QA4), the percent cation remaining increased to 88% under the same conditions 

(Table 2, entry 8). SN2 at the benzylic position (Scheme 3A) and at the alkyl substituents (Scheme 

3B) were the predominant degradation pathways observed. Beyer and coworkers found alkyl-

substituted ammoniums (QA11) to be more stable than those with benzylic substituents (QA1) 

when in 1 M NaOD/D2O at 80 ºC (88 ºC for QA11), resulting in half-lives of ~1000 h and ~400 

h, respectively761 (Table 2, entries 9 and 10). Holdcroft and coworkers also found increased 

stability in alkyl-substituted ammoniums when studied in 3 M NaOD in 70 wt% CD3OD/D2O at 

80 ºC; half-lives of BTMA, QA10, and QA6 were measured to be 180 h, 1420 h, and 2069 h, 

respectively742 (Table 2, entries 11-13). Additionally, Marino and Kreuer implemented high 

hydroxide concentration (6 M NaOH/H2O) and temperature (160 ºC) to measure the half-lives of 

26 ammonium cations.748 In agreement with Holdcroft, methyl substituents were found to have 

greater stability than benzylic substituents, with half lives of 62 h and 4 h measured for QA6 and 

BTMA, respectively (Table 2, entries 14 and 15). While there is disagreement on the stability of 

BTMA, it has been shown that for longer-term stability, benzylic connections should be avoided 

to prevent SN2 attack at the benzylic position (Scheme 3A).

6.1.1.2 Linear-Alkyl Substituent Stability 

Implementing linear-alkyl-substituted ammoniums eliminates the benzylic position that is 

susceptible to SN2 attack (Scheme 3A), leaving SN2 attack at the α-carbon (Scheme 3B) and β-
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hydrogen (Hofmann) elimination (Scheme 3C) as the major degradation pathways for 

tetraalkylammoniums. N-Alkyl substituent chain length determines the ammonium’s major 

degradation pathway. While the α-position of longer N-alkyl chains can potentially undergo 

nucleophilic attack, this degradation pathway is less common due to increased steric hindrance. 

For longer N-alkyl substituted ammoniums, Hofmann elimination (Scheme 3C) becomes the major 

degradation pathway. Ethyl and isopropyl groups are especially prone to Hofmann elimination746 

because they have three and six β-hydrogens, respectively, that are able to freely rotate into an 

antiperiplanar position relative to the nitrogen. Furthermore, these groups have no steric protection 

from hydroxide ions and Hofmann elimination (Scheme 3C) can occur readily.747,748,762 The 

preference for Hofmann elimination (Scheme 3C) on ethyl groups as compared to npropyl groups 

was demonstrated in a stability study on QA7 and QA8 by Marino and Kreuer, yielding half-lives 

of 3 h and 33 h, respectively in 6 M NaOH(aq) at 160 ºC748 (Table 2, entries 16 and 17 

respectively). The additional methylene unit on QA8 reduces the extent of Hofmann elimination 

(Scheme 3C), thus showing that ethyl and isopropyl groups should be avoided when choosing 

substituents for ammonium cations. 

For N-methyl substituents, SN2 attack on the α-carbon (Scheme 3B) is the sole degradation 

pathway, and more favorable than in longer alkyl chains as the methyl is easily accessible to 

nucleophilic attack by hydroxide ions. When Coates and coworkers studied the stability of QA9 

in 1 and 2 M KOH/CD3OH at 80 ºC, 94% and 89% cation remained,745,747 respectively, (Table 2, 

entry 6) after 720 h of the 11% cation degradation observed using the 2 M KOH conditions, 9% 

was attributed to demethylation (Scheme 3B), and 2% was attributed to Hofmann elimination 

(Scheme 3C) on the long alkyl chains. 

Exchanging the methyl groups and long alkyl chains for n-butyl groups (QA13) results in 

improved ammonium stability with 96% and 94% cation remaining after 720 h in 1 and 2 M 

KOH/CD3OH at 80 ºC,747 respectively, (Table 2, entry 18). This suggests that alkaline stability 

increased because nucleophilic attack (Scheme 3B) is blocked by the butyl substituents. Hofmann 

elimination (Scheme 3C) on the butyl groups was the only observed degradation pathway. 

Conversely, Marino and Kreuer observed decreased cation stability with increasing number of 
npropyl substituents.748 The half-lives of QA6, QA8, and QA12 were 62 h, 33 h, and 7 h, 

respectively, when degradation experiments were performed in 6 M NaOH(aq) at 160 ºC (Table 

2, entry 14, 16, and 19 respectively). Although these results suggest a trend opposite to the Coates 
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study where they compared QA9 to QA13, a long-chain-TMA should be compared to QA12 to 

ensure a fair comparison of results. QA10 exhibited a half-life of 2 h in 6 M NaOH(aq) at 160 ºC 

(Table 2, entry 20), lower than the 7 h half-life observed for QA12, suggesting that QA12 is more 

stable than QA10. This finding aligns with trends observed in the Coates study, both showing that 

all medium-length alkyl substituents produce higher stability than long-chain alkyl-TMAs. It is 

thought that these long-chain-TMAs can form micelles in alkaline solution and thus reduce the 

stability of the ammonium by affecting local hydroxide concentrations and reaction rates.748 The 

half-lives of alkyl-TMAs as a function of chain length from the Marino and Kreuer study are 

depicted in Figure 34, demonstrating the non-linear relationship between alkyl chain length and 

ammonium cation stability. 

Figure 34. Half‐life of alkyl-TMA cations of varying alkyl chain length in 6 M NaOH at 160 °C 

(•) and a neopentyl chain under same conditions (▪). Corresponding reaction free energy barrier 

ΔG# data (○) was calculated using the Eyring equation748. DFT data by Long et al.763 (▵) follows 

the same qualitative trend, but absolute values differ by about 50 kJ/mol. Figure is adapted with 

permission from ref 748. Copyright 2015 Wiley.  

Mohanty and Bae have also demonstrated the trend that a long chain substituent (hexyl group, 

QA3) lowers the stability of the ammonium compared to multiple butyl substituents (QA2) or 

methyl substituents (BTMA) with 78%, 91%, and 87% cation remaining, respectively after 672 h 

in stoichiometric OD-/D2O at 120 ºC (Table 2, entries 21, 22, and 3).746 They found that butyl-

substituted ammoniums were slightly more stable than ammoniums substituted with methyl 

groups, opposing the findings by Marino and Kreuer.748 However, Mohanty and Bae studied 
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ammoniums with a benzyl substituent, which degrade primarily by benzylic substitution (Scheme 

3A), meaning their study mostly informed on the effects of methyl, butyl, and hexyl groups on the 

rate of benzylic substitution (Scheme 3A). Marino and Kreuer studied alkyl substituents that 

degrade solely via nucleophilic substitution on the alpha carbon (Scheme 3B) and Hofmann 

elimination (Scheme 3C).748 From this we can conclude that it is important to consider all 

substituents when analyzing ammonium cation stability as substituents influence the major 

degradation pathway and can play a major role in the discrepancies between the degradation 

studies.

Overall, it has been found that ammonium cation stability decreases as follows: 

tetramethylammonium (QA6) > tetraalkylammoniums with medium length alkyl chain 

substituents > TMAs with long-alkyl chain substituents. However, long alkyl chain substituents 

likely simulate TMA’s local environment when tethered to a polymer better than free 

tetramethylammonium. Based on this, a tributylammonium tethered to a polymer may be more 

stable than TMA on a polymer, though the butyl chains can still degrade by Hofmann elimination 

(Scheme 3C).

6.1.1.3 Cyclic Substituent Stability

As Hofmann elimination requires an antiperiplanar configuration between the nitrogen and a β-

hydrogen, the extent of Hofmann elimination can be reduced by implementing cyclic ammonium 

functionalities. A cyclic structure can restrict the formation of an antiperiplanar configuration 

between the nitrogen and β-hydrogen. The bond angles produced in the transition state required 

for elimination can further induce significant ring strain (Figure 35) and thus, disfavor degradation 

by ring-opening elimination (Scheme 3E).748 While Hofmann elimination can be reduced or 

eliminated as a degradation pathway in cyclic ammonium cations, the increased strain in some 

rings, such as in bridged bicyclic structures, increases degradation via nucleophilic ring-opening. 

(Scheme 3D).746-748 
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Figure 35. Depiction of preferred bond angles for ring-opening elimination and nucleophilic 

substitution of QA16.748 Figure is adapted with permission from ref 748. Copyright 2015 Wiley. 

Five-membered Rings

Pyrrolidinium cations (QA14 and QA15) and spirocyclic ammoniums containing five membered 

rings such as QA23 and QA24 degrade by ring-opening substitution at the α-position747,748,764 

(Scheme 3D), as it is thermodynamically favorable to relieve ring strain. However, ring opening 

by Hofmann elimination (Scheme 3E) is blocked due to the inability of the β-hydrogens to form 

an antiperiplanar configuration.748 In a study by Marino and Kreuer, QA14 (Table 2, entry 23) and 

QA23 (Table 2, entry 24) displayed half-lives of 37 h and 28 h, respectively, when subjected to 6 

M NaOH(aq) at 160 ºC;748 a marked reduction in stability compared to the QA6 analog with a half-

life of 62 h. The increased degradation rates can be attributed to the replacement of methyl groups 

with five-membered rings, which are more prone to decomposition by nucleophilic attack than 

methyl groups. Conversely, Jannasch and coworkers observed a greater degree of cation 

degradation in polyelectrolytes containing QA14 than those with QA23 with NMR results 

suggesting that demethylation (Scheme 3B) occurs at a higher rate than nucleophilic ring-opening 

(Scheme 3D).764 

When comparing the degradation rates of QA15 in a range of solvents, Yan and coworkers 

found that 100% cation was remaining after 96 h in 2 M KOH/D2O at 80 ºC, yet only 77% cation 
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remaining when CD3OD was used (Table 2, entry 25), demonstrating the effects of solvent on 

degradation rate.756 In studies by Coates and coworkers, 32% of QA15 remained after 720 h in 1 

M KOH/CD3OH at 80 ºC745,747 (Table 2, entry 26). Although it was expected that Hofmann 

elimination would be the major degradation product, it was observed that 37% of the degradation 

occurred by SN2 ring-opening (Scheme 3D) with 31% by Hofmann elimination on the ethyl-group 

(Scheme 3C). The nearly equal contribution of ring-opening substitution (Scheme 3D) and 

Hofmann elimination on the ethyl group (Scheme 3C) may be partly due to the nucleophilicity of 

methoxide, but it emphasizes the vulnerability of five membered rings to ring opening substitution 

(Scheme 3D) and lends credit to the exploration of other cyclic systems. Under the same 

conditions, QA24 (Table 2, entry 27) had 73% cation remaining after 720 h with all of the observed 

degradation due to ring-opening substitution (Scheme 3D) on the pyrrolidinium ring, leaving the 

six-membered piperidinium ring intact,747 suggesting that piperidiniums are a far more stable 

cyclic cation. 

Six-membered Rings

Six-membered rings, such as piperidiniums (QA16 and QA17), have lower ring strains making 

nucleophilic ring-opening unfavorable, and are rigid enough to lessen the extent to which the ring 

can achieve the bond angles required for Hofmann elimination.748 Thus, piperidiniums show 

greater stability under accelerated degradation conditions as compared to pyrrolidiniums; after 720 

h at 80 ºC in 1 M and 2 M KOH/CD3OH, QA17 had 97% and 94% cation remaining,745,747 

respectively (Table 2, entry 28). Marino and Kreuer also observed enhanced stability when 

employing piperidinium functionalities; they found that QA16 had a half-life of 87 h in 160 ºC, 6 

M NaOH(aq) (Table 2, entry 29), an improvement over QA6 which has a half-life of 62 h748 (Table 

2, entry 14). In both cases, the primary degradation mechanism was demethylation (Scheme 3B), 

although Hofmann elimination (Scheme 3E) was also observed as a minor contributor to the 

overall degradation of QA16.747,748 

To further incorporate cyclic structures into ammonium cations, the alkyl groups on the 

piperidinium can be replaced with another six-membered ring, giving QA25. This substitution 

further improves stability, affording 98% and 96% cation remaining after 720 h in 1 M and 2 M 

KOH/CD3OH at 80 ºC, respectively (Table 2, entry 30) with Hofmann elimination on the ring as 

the exclusive degradation product747 (Scheme 3E). Marino and Kreuer also observed improved 
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stability in QA25 compared to QA16 with half-lives of 110 h and 87 h respectively at 160 ºC in 6 

M NaOH(aq)748 (Table 2, entries 31 and 29 respectively). Under these conditions, QA25 was found 

to degrade by ring opening at the α-position (Scheme 3D). Substitution at the α-position occurred 

at a slower rate than the demethylation of QA16, indicating that the extents of elimination and 

substitution are both greatly reduced in piperidiniums as compared to linear alkyl substituents. 

They propose that the unfavorable bond angles and lengths required for elimination or substitution 

on six-membered rings (demonstrated in Figure 35) gives rise to the enhanced stability despite the 

presence of hydrogens antiperiplanar to the nitrogen in the piperidinium and spirocyclic 

compounds.748

While the model compound studies suggest that QA25 is more stable than QA16, Jannasch and 

coworkers showed that the trend reverses when the cations are appended to a poly(terphenylene 

alkylene) backbone.753 While QA25 still showed good stability, they observed 10% and 27% 

cation loss after 720 h and 2900 h respectively when the membrane was allowed to soak in 2 M 

NaOH(aq) at 90 ºC. They attributed the cation loss to Hoffman elimination on the rings (Scheme 

3E). They also studied the stability of a poly(terphenylene alkylene) backbone substituted with 

QA16 instead of QA25, which showed less than 5% and 13% cation degradation after 720 h and 

2900 h, respectively when subjected to the same conditions. It was reported that Hofmann 

elimination (Scheme 3E) was responsible for 7% of the QA16 degradation after 2900 h, with the 

remaining 6% degradation is thought to be due to demethylation (Scheme 3B). They attribute this 

trend to the increased degree of bond angle distortion within QA25 as compared to QA16 when 

attached to a rigid polymer backbone. When QA25 and QA16 are tethered to PS with a triazole 

linker, QA25 exhibits higher stability with no degradation detected after 3000 h in 1 M NaOH 

CD3OD/D2O at 80 ºC while the QA16 equivalent showed signs of demethylation after 144 h under 

the same conditions,765 thus supporting that direct attachment of the ammonium cation to the rigid 

backbone caused the destabilization of QA25. However, when an isopropylidene spacer was 

implemented to link QA16 or QA25 to a PS backbone, QA16 had a slightly higher stability than 

QA25, yet the overall stability of both cations was greater than when the cations were linked 

directly to the rigid poly(terphenylene alkylene) backbones.752 Overall, it can be determined that 

while model cation stabilities are helpful in determining promising cation candidates, such as 

QA16 and QA25, the polymer backbone and method of linking can further complicate the stability 

trends.
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Introducing additional heteroatoms into the 6-membered ring was thought to improve 

conductivity and stability due to the increased hydrophilicity of the ammonium cation. However, 

piperazine-based spirocycles demonstrated a lower stability than QA25 (Table 2, entry 30) with 

the degree of degradation depending on the substituent of the tertiary amine. QA25 and all three 

spiropiperaziniums (QA26, QA27, and QA28) degrade via Hofmann elimination (Scheme 3E),747 

as the additional nitrogen in the ring promoted elimination of the adjacent beta-hydrogens. 

However, the increased steric bulk of iPr-spiropiperazinium (QA27) suppressed cation degradation 

relative to Me-spiropiperizinium (QA26) or Ph-spiropiperizinium (QA28) (Table 2, entries 32-

34).

A similar decrease in stability is also observed when additional heteroatoms are implemented 

in bridged bicyclic ammoniums. Quinuclidinium, a bridged bicylic ammonium, is quite stable even 

with a benzyl substituent as 67% QA19 remained after 720 h in 1 M KOH/CD3OH at 80 ºC745,747 

(Table 2, entry 35). For comparison, only 11% BTMA remained under the same conditions. The 

major degradation pathways observed for QA19 were nucleophilic ring-opening (Scheme 3D) 

(18%) and nucleophilic attack at the benzylic position (Scheme 3A) (14%). An additional nitrogen 

group in the bridged bicyclic system gives the DABCO-based cation: QA20, which only had 5% 

cation remining (Table 2, entry 36) due to a drastic increase in nucleophilic ring opening (Scheme 

3D) (64%) and nucleophilic attack at the benzylic position (Scheme 3A) (31%).745,747 Marino and 

Kreuer also found low alkaline stabilities for QA20 and QA21 with half-lives of 1 and 14 h, 

respectively in 6 M NaOH(aq) at 160 ºC (Table 2, entries 37 and 38), as compared to 4 h for BTMA 

and 62 hours for QA6 under the same conditions748 (Table 2, entries 14 and 15). Conversely, 

Mohanty and Bae found that QA20 has stability comparable to BTMA with both having 100% and 

>85% cation remaining after 672 h in quantitative OD-/D2O at 60 ºC and 120 ºC, respectively 

(Table 2, entry 39).746 These studies demonstrate that the 1,4-diazabicyclo[2.2.2]octane (DABCO) 

functionality lowers the alkaline stability when compared to their trimethylammonium 

counterparts. 

The inductive effects of oxygen in the morpholine ring makes morpholinium cations more 

prone to nucleophilic ring-opening (Scheme 3D) and Hofmann elimination on the ring (Scheme 

3E).747,755,764 Benzyl-substituted morpholinium (QA18) was less stable than BTMA, with <1% 

QA18 and 11% BTMA remaining after 720 h in 1 M KOH/CD3OH at 80 ºC745,747 (Table 2, entry 

40). In studies by Jannasch, morpholinium-functionalized AEMs demonstrated the highest extents 
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of cation degradation,755,764 with nucleophilic ring-opening (Scheme 3D) and Hofmann ring-

opening (Scheme 3E) occurring at similar rates.764 In their study the AEM substituted with 

azepaniums demonstrated a similar degree of Hofmann ring-opening (Scheme 3E) as the 

morpholiniums, but higher overall stability.764 Cations derived from seven-membered rings such 

as azepaniums (QA22 and QA29) are more flexible than six-membered rings and can orient into a 

more favorable position for Hofmann elimination755 (Scheme 3E) without inducing as much ring 

strain as in the pyrrolidinium and piperidinium cases.

6.1.1.4 Conclusion-Quaternary Ammonium Cations

Figure 36. Approximate ranking of ammonium stability in alkaline conditions from low (red) to 

high (green). Results vary depending on test conditions used, counteranions omitted for clarity.

Overall, it is very challenging to definitively rank the stabilities of quaternary ammonium 

cations based upon differences in substitution on the quaternary ammonium or reaction conditions 

used to study them can influence the results of the stability studies. Therefore, an approximate 

ranking of the different classes of quaternary ammoniums is shown in Figure 36. Ethyl substitution 

leads to low alkaline stability as the freely rotating beta-hydrogens are particularly susceptible to 

degradation by Hofmann elimination (Scheme 3C). Benzyl substituents are more prone to cleavage 

by SN2 attack (Scheme 3A) than alkyl substituents (Scheme 3B) and should therefore be avoided 

for long term stability. Rings with high ring strain such as in pyrrolidinium, DABCO, and 

quinuclidinium can be susceptible to nucleophilic ring-opening (Scheme 3D), while highly flexible 

rings such as azepanium are susceptible to Hofmann ring-opening (Scheme 3E). Additional 

heteroatoms in the rings (morpholinium, DABCO, spiropiperazines) reduce the stability of the 

cation by promoting nucleophilic and Hofmann ring-opening (Scheme 3D and 3E respectively). 

Tetramethylammonium and alkyl-trimethylammoniums have relatively high stability with 

demethylation (Scheme 3B) and if beta-hydrogens are present Hofmann elimination (Scheme 3C) 
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as possible degradation pathways. Medium-long alkyl chains, piperidinium, and QA25 show 

higher alkaline stability with minimal Hofmann elimination as the main degradation product 

(Scheme 3C and 3E). Systematic studies where substituents are varied one by one and the 

conditions are held constant are incredibly important for determining which cations are best suited 

for use in AEMs. 

Table 2. Ammonium stability study conditions and results, counteranions omitted for clarity.

Entry Name Model Compound
Time

(h)
Solvent

[OH] 

(M)

Temp

(ºC)

Cation 

Remaining

(%)

Ref.

D2O 2 M 80 100%

CD3OD/D2

O 3:1
2 M 80 85%1 BTMA 96

CD3OD 2 M 80 49%

756

2 BTMA 2000 H2O 2 M 80 96% 749

60 100%
3 BTMA 672 D2O 0.24 M

120 87%
746

4 QA5 672 CD3OD 0.24 M 90 66% 746

1 M 80 11%
5 BTMA 720 CD3OH

2 M 80 1%

745, 

747

1 M 80 94%
6 QA9 720 CD3OH

2M 80 89%

745, 

747

7 BTMA 3
CD3OD/D2

O 3:1

0.6 M 

(20 

eqiv)

120 80% 760
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8 QA4 3
CD3OD/D2

O 3:1

0.6 M 

(20 

eqiv)

120 88% 760

167 D2O 1 M 88 95%

9 QA11

~1000 D2O 1 M 88 50%

761

10 QA1 400 D2O 1 M 80 50% 761

11 BTMA 180

70 wt% 

CD3OD/D2

O

3 M 80 50% 742

12 QA10 1420

70 wt% 

CD3OD/D2

O

3 M 80 50% 742

13 QA6 2069

70 wt% 

CD3OD/D2

O

3 M 80 50% 742

14 QA6 62 H2O 6 M 160 50% 748

15 BTMA 4 H2O 6 M 160 50% 748

16 QA7 3 H2O 6 M 160 50% 748

17 QA8 33 H2O 6 M 160 50% 748

18 QA13 720 CD3OH 2 M 80 94%
745, 

747
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19 QA12 7 H2O 6 M 160 50% 748

20 QA10 2 H2O 6 M 160 50% 748

21 QA3 672 D2O 0.24 M 120 78%
746

22 QA2 672 D2O 0.24 M 120 91% 746

23 QA14 37 H2O 6 M 160 50% 748

24 QA23 28 H2O 6 M 160 50% 748

D2O 2 M 80 100%
25 QA15 96

CD3OD 2 M 80 77%
756

26 QA15 720 CD3OH 1 M 80 32%
745, 

747

27 QA24 720 CD3OH 1 M 80 73% 747

28 QA17 720 CD3OH 1 M 80 97%
745, 

747

29 QA16 87 H2O 6 M 160 50% 748

30 QA25 720 CD3OH 1 M 80 98% 747
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31 QA25 110 H2O 6 M 160 50% 748

32 QA27 720 CD3OH 1 M 80 92% 747

33 QA26 720 CD3OH 1 M 80 83% 747

34 QA28 720 CD3OH 1 M 80 29% 747

35 QA19 720 CD3OH 1 M 80 67%
745, 

747

36 QA20 720 CD3OH 1 M 80 5%
745, 

747

37 QA20 1 H2O 6 M 160 50% 748

38 QA21 14 H2O 6 M 160 50% 748

60 100%
39 QA20 672 D2O 0.24 M

120 91%
746

40 QA18 720 CD3OH 1 M 80 <1%
745, 

747

6.1.2 Imidazolium Cations 

Page 179 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



179

Page 180 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



180

Figure 37. Naming scheme for imidazoliums (Im) discussed herein, counteranions omitted for 

clarity.

Unsubstituted imidazolium cations have been shown to be unstable when employed in 

AEMs757,766-768 due to their tendency to degrade via SN2 attack at the C2 position leading to ring-

opening with subsequent enamine and amide hydrolysis resulting in carboxylic acid and amine 

products747,751 (Scheme 4A). Another prominent degradation mechanism is the attack of N1/N3-

substituents to yield neutral imidazoles (Scheme 4B and 4C). In addition, the multiple acidic 

hydrogens on the imidazolium ring are subject to reversible deprotonation (Scheme 5). This has 

been shown through rapid deuterium exchange observed for hydrogens at the C2 position (Scheme 

5A), at the α-position of C2 (Scheme 5B), N1/N3 substituents (Scheme 5C) and the C4/C5 

positions745,750,761,766,767,769,770 (Scheme 5D). These reversible deprotonations can lead to 

stabilization of the imidazolium ring,761 while also leading to degradation by rearrangement and 

subsequent reactions.750 Degradation by these pathways can be mitigated with substitution at the 

C2, N1/N3 and C4/5 positions and as such systematic studies of substituent effects on stability 

have transformed imidazoliums from one of the least to one of the most stable classes of cations.

Scheme 4. Observed degradation pathways for imidazolium cations. (A) Nucleophilic at the C2-

position. (B) SN2 attack at the N-benzyl position. (C) SN2 attack at the alpha position of N-alkyl 

substituents

Page 181 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



181

Scheme 5. Observed deprotonations of acidic hydrogens on imidazolium cations. Rearrangements 

or subsequent reactions can result in cation degradation. (A-B) Deprotonation at the C2-position. 

(C) Deprotonation of the alpha position of N-substituents. (D) Deprotonation at the C4/5 positions.

6.1.2.1 C2 Substitution 

In a study by Yan and coworkers, Im3 and Im8 were subjected to 2 M KOH in D2O, CD3OD, and 

several combinations of the two solvents at 80 ºC for 96 h756 (Table 3, entries 1 and 2). As the 

proportion of CD3OD to D2O increased, the degree of degradation increased likely due to the lower 

dielectric constant and more nucleophilic nature of methanol compared to water. They found that 

in all of the solvent systems, the imidazolium with the C2-methyl had a significantly lower degree 

of degradation. Many other studies conducted under a variety of conditions agree that employing 

a methyl at the C2 position produces higher alkaline stability (Table 3, entries 3-

10).745,747,750,751,767,771

Additionally, Yan and coworkers found that a n-butyl substituent at the C2 position 

demonstrated the lowest degree of ring-opening degradation769 (Scheme 4A) (Table 3, entry 13), 

followed by methyl, isopropyl, and phenyl substituents (Table 3, entries 10-12).767 Yan reported a 

higher stability for C2-methylated Im7 relative to C2-phenylated Im18 and attributed this stability 

to a higher lowest unoccupied molecular orbital (LUMO) energy.767 For the C2-substituted 

imidazoliums it was observed that the higher LUMO energy of the imidazolium, the less 

susceptible it is to ring-opening nucleophilic attack (Scheme 4A). Their calculated LUMO energies 

gave Im15 > Im7 > Im14 > Im18, matching the observed alkaline stability trend. Interestingly, 

Im18 had a lower LUMO energy than Im2, yet had a higher stability, likely owing to protection of 

the C2 position with steric hindrance. Im15 may have the highest stability due to the C2-n-butyl 

Page 182 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



182

group combining both steric hindrance and hyperconjugation between the C-H σ bond and the π-

conjugation on the ring. However, unlike the phenyl group on Im18, the n-butyl can provide the 

steric bulk to protect the C2 on Im15 from attack (Scheme 4A), without delocalizing the electron 

density.

Overall, under a wide array of conditions, C2 substitution has been shown to improve alkaline 

stability, however, one substituent can lead to an increased degradation rate. Beyer and cowrkers 

reported a stability trend of C2-substitution where methyl > phenyl > hydrogen > tert-butyl when 

comparing Im6, Im17, Im1, and Im16 with half-lives of ~1000, 107, 15, and 3 h respectively in 1 

M NaOD/D2O at 80 ºC (88 ºC for Im6)761 (Table 3, entries 15-18). Similarly to Yan, Beyer reported 

that the methyl substituted Im6 is more resistant to ring-opening degradation (Scheme 4A) than 

the phenyl substituted Im17. They attribute this finding not to LUMO energies, but to acidic proton 

stabilization that results from the reversible deprotonation of the protons on the C2-methyl 

substituent (Scheme 5B), which outweighs the stabilization from the steric hindrance induced by 

a C2-phenyl. Further evidence of proton stabilization effects (Scheme 5A) is shown by comparing 

Im1 to its C2-tbutyl analog, Im16, with half lives of 15 h and 3 h, respectively (Table 3, entries 17 

and 18). In all other cases, having any C2 substituent induces higher stability than having a 

hydrogen at the C2 position. The surprisingly low stability of Im16 was attributed to destabilization 

from 1,3-allylic strain between the hydrogens on the tert-butyl and the N-methyl groups. While 

reversible deprotonation (Scheme 5A and 3B) reduced the extent of degradation by nucleophilic 

addition at the C2 position (Scheme 4A), there are irreversible degradation reactions on the 

deprotonated species that can still degrade the imidazolium. With all potential degradation 

mechanisms in mind, C2 substituents with alpha protons can yield lower imidazolium stabilities 

as seen in a study by Coates.745

When Coates and coworkers compared the stabilities of Im22, Im26, Im21, and Im20 in 1 M 

KOH/CD3OH at 80 ºC, a different stability trend appeared, where substitution at the C2 position 

with phenyl ≈ 2,6-dimethylphenyl > isopropyl ≈ methyl groups.745 For these imidazoliums, 91%, 

87%, 82%, and 80% cation remained, respectively (Table 3, entries 19-22), after 720 h. Instead of 

degrading by ring opening (Scheme 4A), the imidazoliums with alkyl substituents at the C2 

position (Im21 and Im20) likely degraded via C2 substituent deprotonation followed by 

rearrangement (Scheme 5B), while those with aryl substituents (Im22 and Im26) degraded by SN2 
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attack at the N1/3 substituents, with more degradation from attack at the benzyl groups (Scheme 

4B) than the methyl groups (Scheme 4C). 

The disagreement between the stability trends observed by Yan/Beyer and Coates are likely 

due to the differing degradation mechanisms observed for each series of compounds. Yan 

quantified the degree of ring-opening degradation at the C2 position767 (Scheme 4A), however, 

Coates did not observe ring-opening degradation (Scheme 4A) as the major degradation pathway 

in the series of imidazoliums used to study C2 substituent effects.772 Thus, the stability trend 

observed by Yan where C2-methyl > C2-isopropyl > C2-phenyl relates to the rate of nucleophilic 

attack at the C2 position767 (Scheme 4A), while the stability trend observed by Coates et. al: C2-

phenyl ≈ C2-2,6-dimethylphenyl > C2-isopropyl ≈ C2-methyl likely results from a combination 

of C2-substituent deprotonation (Scheme 5B) and attack at the N1 and N3 substituents772 (Scheme 

4B and 4C).

The difference in observed degradation mechanism is likely due to differing N1/N3 and C4/C5 

substituents on the imidazoliums studied by Yan and Coates. Bulkier N-benzyl substituents may 

protect the C2-position from attack more readily than the N-methyl groups,773 which may also 

contribute to why Coates does not observe ring-opening degradation (Scheme 4A) as a major 

degradation pathway.745 Additionally, N-benzyl substituents are more prone to attack by hydroxide 

(Scheme 4B and Scheme 5C) than methyl groups, which may give rise to SN2 at the benzylic 

position (Scheme 4B) as the observed major degradation pathway in the Coates study, while the 

imidazoliums studied by Yan and Beyer did not have a benzylic position to be attacked.

Additionally, when Coates investigated the degradation mechanism of an imidazolium with a 

C2-methyl and without substitution at the C4/5 positions (Im13) (Table 3, entry 4), they observed 

nucleophilic addition to the C2 position750 (Scheme 4A) as the degradation pathway similarly to 

Yan and Beyer. This finding suggests that substitution at the C4/5 position influences the favored 

degradation pathway, which, in turn, affects the trend observed when varying the C2-substituent. 

However, when Webb investigated the degradation pathway for Im19 (Table 3, entry 23), an 

imidazolium with C4/5-methyl substituents, they found that the imidazolium degraded by 

nucleophilic addition751 (Scheme 4A), which implies that the C4/5-methyl substitution is not 

impacting the degradation mechanism. However, in order to induce degradation, the base 

concentration was increased to 4.25 M, which can influence the primary degradation mechanism.
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It is thought that attack at the C2 position (Scheme 4A) is higher order in base and therefore is 

favored at high base concentrations. This can explain why Webb observed nucleophilic addition 

at the C2 position (Scheme 4A) in their study of Im19 in 4.25 M KOH(aq) (Table 3, entry 23). A 

change in degradation mechanism as a function of hydroxide concentration is further evidenced 

by Im26 possessing a higher stability than Im22 at 5 M KOH/CD3OH when they possess similar 

stabilities at 1 and 2 M KOH/CD3OH (Table 3, entries 19 and 20).750 The steric bulk of 2,6-

dimethylphenyl provides better protection of the C2-position than a phenyl substituent against 

nucleophilic addition at the C2 position (Scheme 4A) which becomes the major degradation 

pathway at higher hydroxide concentrations. 

This finding is supported by a study from Holdcroft and coworkers where the stability of Im24, 

Im25, and Im23 are compared in 3 M NaOD in 70 wt% CD3OD/D2O at 80 ºC and a percent cation 

remaining of 98%, 93%, and 88% were observed, respectively, after 240h742 (Table 3, entries 24-

26). Im24 and Im25 degraded via demethylation (Scheme 4C), while Im23 degraded primarily by 

attack at the C2 position (Scheme 4A), showing that 2,6-substitution on C2-aryl substituents better 

guards the C2 position from ring-opening degradation (Scheme 4A), with a more electron donating 

group (methyl) inducing higher stability than the bulkier phenyl group. Additionally, Holdcroft 

found that when two imidazoliums are fused through the C2-position, cation stability decreases 

from 98% cation remaining for Im24 to 94% for the bis-imidazolium, Im36, with a similar 

substitution pattern741 (Table 3, entries 24 and 27). They attribute this loss in stability to a higher 

electrostatic potential in Im36 indicating a greater electrostatic attraction between the imidazolium 

and hydroxide, possibly leading to the faster degradation. 

When the same substitution pattern is investigated on benzimidazoliums, which have a phenyl 

ring fused to the C4/C5 positions, the stability of the imidazolium correlates more to steric bulk. 

A C2-substitution of 2,6-diphenyl gave rise to the highest stability followed by mesityl and phenyl 

substituents (Im34, Im33, Im32). After 240 h in 3 M NaOD in 70 wt% CD3OD/D2O at 80 ºC, Im34 

and Im33 showed 95% and 69% cation remaining, respectively, while Im32 had 0% cation 

remaining within a minute774 (Table 3, entries 28-30). The difference in trends between the two 

sets of imidazoliums, penta-substituted (Im23, Im24, and Im25) and benzimidazoliums (Im32, 

Im33, and Im34), further demonstrates how all of the imidazolium substituents contribute to 

stability trends even if they are not explicitly being varied for structure-stability relationship 

determination. 
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6.1.2.2 C4/5 Substitution

Imidazoliums with hydrogens at the C4/5 position are susceptible to degradation via deprotonation 

followed by rearrangement at the C4/5 position (Scheme 5D). Substitution at the C4 and C5 

positions blocks this deprotonation and other degradation pathways giving rise to higher alkaline 

stability.745 Webb and coworkers studied the influence of methyl substitution at the C4/5 positions 

by comparing the degradation rate and mechanism of Im13 and Im19.751 They observed 62% 

cation remaining for Im13 after 480 h in 1 M KOH(aq) at 80 ºC (Table 3, entry 8), while Im19 

required a higher hydroxide concentration of 4.25 M KOH(aq) to evoke any degradation. Even 

under harsher conditions, Im19 showed 60% cation remaining after 1536 h (Table 3, entry 23). 

Coates and coworkers demonstrated a similar trend showing that 36% Im13 remaining after 

720 h in 1 M KOH/CD3OH at 80 ºC745, 747, 750 (Table 3, entry 6), degrading by nucleophilic addition 

at the C2 position747,750 (Scheme 4A). Substituting the C4 and C5 position with phenyl groups 

(Im20) afforded significantly higher stability with 80% cation remaining under the same 

conditions745,747,750 (Table 3, entry 22). Exchanging the C4/5 phenyl groups for methyl groups 

produces Im19, further improved stability with 87% cation remaining (Table 3, entry 31). 

When the C4/5 positions are fused with a phenyl ring to give a benzimidazolium, Im33, there 

was 91% and 73% cation remaining in 1 M and 2 M KOH respectively at 80 ºC for 720 h745,747 

(Table 3, entry 32). There was degradation from attack at the C2 position (Scheme 4A) as well as 

demethylation (Scheme 4C).747 While this may suggest that benzimidazoliums achieve higher 

stability than imidazoliums with methyls or phenyls at the C4/5 positions, the substituents at other 

positions on the imidazolium may be playing a role. Im33 has N1/3-methyl and C2-mesityl 

substituents while Im13, Im20, and Im19 have a N-benzyl and C2-methyl substituents. Due to 

these differences in substitution, the effect of the C4/5 substitution cannot be directly observed. 

However, when Im29, a cation with more similar substitution patterns to Im33, has >99% cation 

remaining when subjected to the same conditions745,747,750 (Table 3, entry 42), which shows that 

penta-substituted imidazoliums can be more stable than benzimidazoliums depending on the 

substitution of the other sites. In order to get a true idea of how the imidazoliums compare, 

substituents should be altered one at a time.

Holdcroft compared three benzimidazoliums (Im32, Im33, and Im34) and three C4/5-phenyl 

substituted imidazoliums (Im23, Im24, Im25), which all had N-methyl substituents and varied C2 
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functionality.742 When comparing the half-lives of Im23 and Im32, both with C2-phenyl 

substitutions, in 3 M NaOD in 70 wt% CD3OD/D2O at 80 ºC, C4/5-phenyl substituted Im23 with 

88% cation remaining after 240 h showed a much higher stability than its benzimidazolium 

counterpart Im32, which degraded entirely in less than a minute (Table 3, entries 26 and 28). Im24 

and Im33 both with C2-mesityl substitutions demonstrated the same trend with 98% and 69% 

cation remaining after 240 h, respectively (Table 3, entries 24 and 29). Conversely, when the C2-

position is substituted with 2,6-diphenyl, the opposite trend is observed and the benzimidazolium 

(Im34) achieves a higher stability with 93% and 95% cation remaining for Im25 and Im34, 

respectively (Table 3, entries 25 and 30). Beyer found benzimidazoliums to be less stable than 

C4/5-hydrogen substituted imidazoliums when compared in 1 M NaOH(aq) at 80 ºC.761 With C2-
tbutyl substitution, Im35 had a half-life too short to measure while Im16 had a half-life of 170 min 

(Table 3, entries 33 and 18) and for Im31 and Im1 the half-lives were 46 min and 880 min, 

respectively (Table 3, entries 34 and 17) demonstrating that irrespective of C2-substitution, 

benzimidazoliums have even lower stabilities than imidazoliums that are not substituted at the 

C4/5 position. While the C2 and nitrogen substituents can affect the relative stabilities between 

benzimidazoliums and imidazoliums, overall, it has been found that methyl or phenyl substituents 

at the C4/5 position produce a higher alkaline stability than unsubstituted imidazoliums or 

benzimidazoliums. 

6.1.2.3 N1/3 Substitution 

Substitution of the N atoms was found to significantly modulate the alkaline stability of 

imidazolium compounds. The substituents at the N1 and N3 positions can influence the rate of 

nucleophilic attack at the C2-position757, 758, 769, 773 (Scheme 4A) in addition to any degradation that 

may occur on the N1 and N3 substituents themselves741, 747, 750 (Scheme 4B and 4C). 

Yan and coworkers studied imidazoliums with a methyl group at the N1 position while varying 

substituents at the N3 position in 2 M NaOH/D2O at 80 ºC.758,769 It was observed that installing an 

isopropyl (Im12), n-butyl (Im9), or n-heptyl group (Im10) at the nitrogen position produced more 

stable imidazoliums than those with a methyl group (Im6) at that position (Table 3, entries 35-

38).758 After 432 h, 97% cation remained for the Im12 and Im9 (Table 3, entries 35 and 36), while 

Im10 had 96% cation remaining (Table 3, entry 37) and Im6 had 74% cation remaining (Table 3, 
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entry 38). They attribute the improved stability to the steric bulk of alkyl groups that block 

nucleophilic addition at the C2 position (Scheme 4A). 

The relative stabilities of Im12, Im9, and Im10 were differentiated in 4 M NaOH/D2O at 80 ºC, 

and after 50 h, 98%, 84%, and 73% cation remained,758 respectively (Table 3, entries 35-37). Under 

these harsher conditions the longer alkyl chains Im9 and Im10 displayed a lower stability than 

Im12 with its shorter, but bulkier isopropyl substituent. An imidazolium with an even longer linear 

alkyl chain substituent, Im11, only had 52% cation remaining after a mere 72 h in 2 M NaOH/D2O 

at 80 ºC (Table 3, entry 39). This trend of imidazoliums substituted with long alkyl substituents 

displaying a lower stability than the isopropyl substituted imidazolium was attributed to a lower 

LUMO energy of the imidazoliums caused by alkyl tail aggregation.

Coates and coworkers compared the stability of N1/3 substituents by keeping the N3 constant 

with a benzyl group and varying the N1 position with a methyl, ethyl, and n-butyl substituents.750 

After 720 h in 2 M KOH/CD3OH at 80 ºC, Im22, Im27, Im28 displayed 66%, 84%, and 86% cation 

remaining, respectively (Table 3, entries 20, 40, and 41). This trend of increasing stability with 

increasing chain length can be attributed to the observed decrease in the degree of SN2 attack at 

the alpha-positions (Scheme 4C). Additionally, no alkene products formed suggesting that even 

with the presence of beta-hydrogens, Hofmann elimination (Scheme 3B) is not a prominent 

degradation pathway for these imidazoliums. 

Replacing the N3-benzyl group in Im28 with a N-n-butyl group gives Im29 and increases the 

percent cation remaining from 86% to >99% after 720 h in 2 M KOH/CD3OH at 80 ºC750 (Table 

3, entry 42). Even with an increase in hydroxide concentration to 5 M KOH, there is still >99% 

Im29 remaining after 720 h, demonstrating the high alkaline stability of this imidazolium. N-n-

butyl groups promote higher stability because they remove the possibility of SN2 attack or 

deprotonation that would occur at the benzylic position (Scheme 4B and 5C) and they shield the 

C2-position (Scheme 4A) from nucleophilic addition. This finding was further supported by Yang 

et al., where they quantified the extent of ring opening degradation of imidazoliums with either N-

n-butyl or N-benzyl substituents.757 When subjected to 3 M KOH/D2O at 80 ºC N-n-butyl 

substituted imidazolium (Im9) had 8% degradation by ring opening after 189 h compared to 29% 

for the N-benzyl substituted imidazolium (Im13) after only 73 h (Table 3, entries 43 and 44), 

indicating that N-n-butyl groups are more effective at blocking attack at the C2 position than 

benzyl groups. 
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Holdcroft also demonstrated the improved alkaline stability of N-n-butyl groups. The N-

methyl-substituted imidazolium, Im24, degrades solely by demethylation (Scheme 4C) thus 

exchanging the N-methyl groups for N-n-butyl groups (Im30) increased the percent cation 

remaining from 98% to >99% after 240 h in 3 M NaOD in 70 wt% CD3OD/D2O at 80 ºC741 (Table 

3, entries 24 and 45). The benefit of N-n-butyl groups is further supported by the comparison of 

Im36, Im37, and Im40, where N-methyl groups are gradually replaced with N-n-butyl groups on 

bis-imidazoliums, with each replacement resulting in higher stability (Table 3, entries 27, 46, and 

47). Im36, with all N-methyl substitutions, demonstrated 94% cation remaining after 240 h in 3 M 

NaOD in 70 wt% CD3OD/D2O at 80 ºC (Table 3, entry 31). By exchanging half of the N-methyl 

groups for N-n-butyl groups (Im37) the stability improved to 97% cation remaining (Table 3, entry 

46), and by exchanging all of the N-methyl groups for N-n-butyl groups (Im40) the stability 

improved further to >99% cation remaining (Table 3, entry 47) under the same conditions. These 

results indicate that N-n-butyl groups are one of the best choices for nitrogen substitution in 

imidazoliums as they effectively prevent nucleophilic addition (Scheme 4A) as well as 

dealkylation (Scheme 4C) without inducing Hofmann elimination. Furthermore, Holdcroft found 

that N-ethyl and N-n-propyl groups also induce the same level of stability as Im38 and Im39 had 

>99%, and 99% cation remaining, respectively under the same conditions (Table 3, entries 48 and 

49). This aligns with Coates’ finding that N-ethyl and N-n-butyl substituents result in imidazoliums 

with similar stabilities (Table 3, entries 40 and 41). 

In order to elucidate the relative stabilities of the imidazoliums with half-lives >10,000 h, 

Holdcroft implemented harsher conditions through the use of 0.5 M ultra-dry KOH/DMSO/crown 

ether at 22ºC.741 Under these conditions Hofmann elimination (Scheme 3B) becomes the major 

degradation pathway instead of demethylation (Scheme 4A). Despite the change in dominant 

degradation pathway, Im24 still had a shorter half-life than Im30 of 19 h and 40 h respectively 

(Table 3, entries 24 and 45). However, the bis-imidazoliums (Im36-Im40) demonstrated 

interesting behavior in the new low hydration conditions as the half-lives no longer correlated with 

number of butyl substituents. Im36 had a higher half-life than Im37 of 60 h and 40 h, respectively 

(Table 3, entries 27 and 46), suggesting that butyl groups are lowering the cation stability, but 

Im40 had a half-life of 83 h (Table 3, entry 47), higher than Im36 and Im37. Additionally, one 

might expect the N-ethyl substituted imidazolium to have the lowest stability under these 

conditions due to the emergence of Hofmann elimination (Scheme 3B) as a degradation pathway, 
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but Im38 had a half-life of 50 h (Table 3, entry 48) - higher than Im37. Im39 demonstrated the 

highest half-life of 120 h (Table 3, entry 49). These results would imply that N-n-propyl 

substitutions provide the highest alkaline stability. Overall, this study shows how solvent choice 

can influence both the degradation rate and mechanism. While it is important to be able to 

differentiate highly alkaline stable cations, the results may not accurately reflect the processes 

occurring under MEA operating conditions, an issue present in all model compound studies that 

can be exacerbated by solvent choice. 

6.1.2.4 Conclusion-Imidazolium Cations

Figure 38. Approximate ranking of imidazolium stability in alkaline conditions from low (red) to 

high (green). Results vary depending on test conditions used, counteranions omitted for clarity.

Imidazoliums are very modular cations and changes to the C2, N1/3 and C4/5 positions have 

been shown to influence the alkaline stability of these compounds. The many factors influencing 

imidazolium stability and the opposing trends that arise from differing testing conditions make it 

difficult to determine the exact stability trends for this class of cation, therefore an approximate 

ranking of imidazolium stability is shown in Figure 38. Overall, C2-substituents improve the 

alkaline stability of imidazoliums both through protection of the C2 position from nucleophilic 

addition (Scheme 4A) and deprotonation (Scheme 5A), as well as protecting the N1/3 substituents 

from SN2 attack (Scheme 4A and 4B). Aryl groups, especially those with 2,6-substitution, seem to 

provide the best protection against degradation as C2-substituents with an alpha hydrogen such as 

methyl groups can undergo deprotonation (Scheme 5B), potentially leading to further degradation, 

especially under fuel cell operating conditions.761 Substitution of the C4/5 position with methyl 
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groups or phenyl groups drastically increases the stability of the imidazolium irrespective of the 

substitution of other positions, and thus all future imidazoliums studied should have C4/5 

substitution to better provide information about the effects of substitution at the other positions on 

overall stability. Lastly, N1/3 positions should be substituted with n-butyl or isopropyl groups to 

deliver the highest stability as benzyl and methyl substituents are prone to SN2 attack (Scheme 4B 

and 4C) and deprotonation (Scheme 5C). Pentasubstituted imidazoliums adhering to the above 

recommendations should provide excellent cation stability when implemented in AEMs, some 

examples of these materials are discussed in Section 6.2.

Table 3. Imidazolium stability study conditions and results, counteranions omitted for clarity.

Entry Name
Model 

Compound

Time

(h)
Solvent

[OH] 

(M)

Temp

(ºC)

Cation 

Remaining 

(%)

Ref

D2O 2 M 80 35%

CD3OD/D2O 3:1 2 M 80 4%1 Im3 96

CD3OD 2 M 80 2%

756

D2O 2 M 80 >99%

CD3OD/D2O 3:1 2 M 80 95%2 Im8 96

CD3OD 2 M 80 93%

756

3 Im4 168 D2O

7.16 

M (50 

equiv)

30 12% 771

4 Im9 168 D2O

6.63 

M (50 

equiv)

30 86% 771

5 Im5 240 CD3OH 1 M 80 <1%

745, 

747, 

750
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1 M 80 36%

6 Im13 720 CD3OH
2 M 80 <1%

745, 

747, 

750

7 Im5 120 H2O 1 M 80 0% 751

8 Im13 480 H2O 1 M 80 62% 751

9 Im2 60 D2O 1 M 80 52% 767

1 M 80 >99%
10 Im7 168 D2O

2 M 80 >99%
767

1 M 80 >99%

11 Im14 168 D2O
2 M 80 90%

767

1 M 80 >99%

12 Im18 168 D2O
2 M 80 74%

767

13 Im15 240 D2O 4 M 80 84% 769

14
Im9 192 D2O 4 M 80 76% 769

167 D2O 1 M 88 82%
15 Im6

~1000 D2O 1 M 88 50%
761
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16 Im17 107 D2O 1 M 80 50% 761

17 Im1 15 D2O 1 M 80 50% 761

18 Im16 3 D2O 1 M 80 50% 761

1 M 80 87%

2 M 80 66%19 Im26 720 CD3OH

5 M 80 18%

750

1 M 80 91%

2 M 80 69%20 Im22 720 CD3OH

5 M 80 <1%

750

21 Im21 720 CD3OH 1 M 80 82% 750

22 Im20 720 CD3OH 1 M 80 80% 750

23 Im19 1536 H2O
4.25 

M
80 60% 751

240 70 wt% CD3OD/D2O 3 M 80 98%
24 Im24

7790 70 wt% CD3OD/D2O 3 M 80 50%

741, 

742
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19 DMSO/crown ether 0.5 M 22

240 70 wt% CD3OD/D2O 3 M 80 93%

25 Im25

2075 70 wt% CD3OD/D2O 3 M 80 50%

741, 

742

240 70 wt% CD3OD/D2O 3 M 80 88%

26 Im23

1370 70 wt% CD3OD/D2O 3 M 80 50%

742

2330 70 wt% CD3OD/D2O 3 M 80

27 Im36

60 DMSO/crown ether 0.5 M 22

50% 741

28 Im32 n.d.a 70 wt% CD3OD/D2O 3 M 80 0%
742, 

774
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29 Im33 436 70 wt% CD3OD/D2O 3 M 80 50%
742, 

774

30 Im34 3240 70 wt% CD3OD/D2O 3 M 80 50%
742, 

774

31 Im19 720 CD3OH 1 M 80 87% 750

1 M 80 91%

32 Im33 720 CD3OH
2 M 80 73%

750

33 Im35 n.d.a D2O 0.5 M 22 0% 761

34 Im31 0.7 D2O 1 M 80 50% 761

2 M 80 97%
35 Im12 432 D2O

4 M 80 98%
758

Page 195 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



195

2 M 80 97%
36 Im9 432 D2O

4 M 80 84%
758

2 M 80 96%
37 Im10 432 D2O

4 M 80 73%
758

38 Im6 432 D2O 2 M 80 64% 758

39 Im11 72 D2O 2 M 80 52% 758

1 M 80 91%

40 Im27 720 CD3OH
2 M 80 84%

750

1 M
80

95%

41 Im28 720 CD3OH

2 M 80 86%

750

1 M 80 >99%

2 M 80 >99%42 Im29 720 CD3OH

5 M 80 >99%

750

43 Im9 189 D2O 3 M 80 92% 757

44 Im13 73 D2O 3 M 80 71% 757

240 70 wt% CD3OD/D2O 3 M 80 >99%
45 Im30

>10,000b 70 wt% CD3OD/D2O 3 M 80 50%
741
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40 DMSO/crown ether 0.5 M 22

5830 70 wt% CD3OD/D2O 3 M 80

46 Im37

40 DMSO/crown ether 0.5 M 22

50% 741

240 70 wt% CD3OD/D2O 3 M 80 >99%

>10,000 70 wt% CD3OD/D2O 3 M 8047 Im40

83 DMSO/crown ether 0.5 M 22
50%

741

240 70 wt% CD3OD/D2O 3 M 80 >99%

>10,000 70 wt% CD3OD/D2O 3 M 80

48 Im38

50 DMSO/crown ether 0.5 M 22
50%

741

240 70 wt% CD3OD/D2O 3 M 80 >99%

>10,000 70 wt% CD3OD/D2O 3 M 80
49 Im39

120 DMSO/crown ether 0.5 M 22
50%

741

a: too fast to measure, b: determined from >99% cation remaining after 240 h.

6.1.3 Phosphonium Cations
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Figure 39. Naming scheme for phosphoniums (P) discussed herein, counteranions omitted for 

clarity.

Some studies show that phosphonium cations may be a more stable alternative to quaternary 

ammonium cations. Yan and coworkers observed that in 2 M KOH/CD3OD at 80 ºC P1 had 97% 

cation remaining (Table 4, entry 1) after 96 hours while BTMA and QA15 had 49% and 77% 

cation remaining, respectively756 (Table 2, entry 1 and 27). However, in a study by Coates and 

coworkers, P2 had a much lower stability than its quaternary ammonium analog BTMA, degrading 

completely after 120 h in 1 M KOH/CD3OH at 80 ºC (Table 4, entry 2) via phosphine oxidation, 
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also known as the Cahours-Hofmann reaction747 (Scheme 6A). Yan and coworkers performed 

studies on the stability of P3,759, 775 a phosphonium with aromatic groups instead of methyl 

substituents, which largely degraded via phosphine oxidation (Scheme 6A) rapidly at 20 ºC in 1 

M KOD in CD3OD/D2O (5/1 v/v) (Table 4, entry 3).759 Yan showed that replacement of phenyl 

groups on the phosphonium with para-tolyl groups, giving P4, improves the stability of the 

phosphonium, as the time until complete degradation increased from minutes to 6 hours (Table 4, 

entry 4). The addition of electron-donating groups to the para position of the aromatic rings 

resulted in increased stability of P4 relative to P3. Thus, exchanging the methyl groups for methoxy 

groups, an even more electron-donating species, should induce an even higher cationic stability. 

Consistent with the predicted trend, P5 showed extended stability up to 87 h at 20 ºC in 1 M KOD 

in CD3OD/D2O (5/1 v/v) (Table 4, entry 5). While the stability of the phosphonium improved with 

the addition of electron-donating groups at the para positions of the aryl substituents; the 

degradation was still rapid at elevated temperatures. P6, a phosphonium very similar to P5, only 

showed 1% cation remaining after 4 h in 1 M KOD in CD3OD/D2O (5/1 v/v) at 80 ºC775 (Table 4, 

entry 6). 

Scheme 6. Observed degradation pathways for phosphonium cations. 

Addition of electron-donating groups to the ortho position of the aryl groups P7, instead of the 

para position, resulted in a slightly higher alkaline stability in 1 M KOD in CD3OD/D2O (5/1 v/v) 

at 80 ºC,775 taking 8 h to reach 13% cation remaining (Table 4, entry 7), degrading solely via 

phosphine oxidation (Scheme 6A). The di-ortho methoxy substituted phosphonium, P8, showed 

improved stability from the P7, taking 960 h to reach 13% cation remaining (Table 4, entry 8). A 

120-fold increase in degradation time shows that o-methoxy substitution on aryl groups induces 

higher stabilities in phosphonium cations. However, a new degradation mechanism was observed 

for P8, as it degrades both by phosphine oxidation (Scheme 6A) and ether hydrolysis (Scheme 6B) 
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resulting from the attack of the methoxy groups on the ring followed by subsequent ketone 

rearrangement.775 Despite the appearance of this new degradation pathway a higher stability is 

achieved, proven by the decrease in phosphine oxidation with the addition electron-donating 

groups.

Trimethoxy-substituted aryl rings yield even higher alkaline stabilities as P9 showed 28% 

cation remaining after 960 h in 1 M KOD in CD3OD/D2O (5/1 v/v) at 80 ºC759,775 (Table 4, entry 

9), more than twice the percent cation retained for the di-substituted phosphonium P8. Replacing 

the P-methyl with a P-benzyl (P10) demonstrated a similar stability of 21% cation remaining after 

960 h in 1 M KOD in CD3OD/D2O (5/1 v/v) at 80 ºC759,775 (Table 4, entry 10). However, while P9 

degraded by a mix of phosphine oxidation (Scheme 6A) and ether hydrolysis (Scheme 6B) P10 

only degraded by ether hydrolysis (Scheme 6B). This finding is consistent with a study by Coates 

and coworkers where P10 exhibited 67% cation remaining after 720 h in 1 M KOH/CD3OH at 80 

ºC745,747 (Table 4, entry 11), with ether hydrolysis (Scheme 6B) as the only observed degradation 

pathway.747 These findings indicate that a benzyl substituent on the phosphonium completely 

prevents phosphine oxidation (Scheme 6A). However, P9 experienced less degradation despite 

having two possible degradation pathways.759, 775 This indicates that the benzyl substituent in P10 

leads to a higher rate of ether hydrolysis (Scheme 6B). 

To avoid ether hydrolysis (Scheme 6B) as a potential degradation pathway, Yan replaced the 

methoxy groups on P9 with methyl groups,759, 775 which still provide enough electron-donation to 

prevent phosphine oxidation (Scheme 6A), without the possibility of ether hydrolysis (Scheme 

6B). The resulting P11 demonstrated a substantial increase in the alkaline stability from 28% cation 

remaining for P9 to 93% cation remaining for P11 after 960 h in 1 M KOD in CD3OD/D2O (5/1 

v/v) (Table 4, entries 9 and 12). Even after 5000 h, 82% of the P11 cation remained. The 

implementation of methyl groups on the aryl substituents successfully prevented ether hydrolysis 

(Scheme 6B). Phosphine oxidation (Scheme 6A) was the only observed degradation pathway, and 

its effects were also greatly reduced. Replacing the methyl substituent on the phosphonium with a 

benzyl substituent may produce an even more stable phosphonium, as the benzyl substituent better 

prevents phosphine oxidation and ether hydrolysis is not possible with methyl groups on the aryl 

substituents. Unfortunately this phosphonium was unable to be synthesized.759 

Studies by both Yan and Coates indicate that implementing electron rich, bulky aromatic rings 

reduces the effects of phosphine oxidation (Scheme 6A).747,759,775 Methoxy groups can enhance the 
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electron density on the aromatic rings but they can also permit degradation by ether hydrolysis 

(Scheme 6B). To mitigate the effects of both degradation mechanisms, substitution with methyl 

groups on the aromatic substituents is the optimal compromise providing the highest stability. 

Table 4. Phosphonium stability study conditions and results, counteranions omitted for clarity.

Entry Name
Model 

Compound

Time

(h)
Solvent

[OH] 

(M)

Temp

(ºC)

Cation 

Remaining (%)
Ref

D2O 2 M 80 100%
1 P1 96

CD3OD 2 M 80 97%
756

2 P2 120 CD3OH 1 M 80 <1% 747

3 P3 <1 CD3OD:D2O (5:1 v/v) 1 M 20 0% 759

4
P4 6 CD3OD/D2O (5/1 v/v) 1 M 20 0% 759

5 P5 87 CD3OD/D2O (5/1 v/v) 1 M 20 <5% 759

6 P6 4 CD3OD/D2O (5/1 v/v) 1 M 80 1% 775

7 P7 8 CD3OD/D2O (5/1 v/v) 1 M 80 13% 775
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8 P8 960 CD3OD/D2O (5/1 v/v) 1 M 80 13% 775

9 P9 960 CD3OD/D2O (5/1 v/v) 1 M 80 28% 775

10 P10 960 CD3OD/D2O (5/1 v/v) 1 M 80 21% 775

1 M 80 67% 

11 P10 720 CD3OH
2 M 80 38%

745

, 

747

960 CD3OD/D2O (5/1 v/v) 1 M 80 93%

12 P11

5000 CD3OD/D2O (5/1 v/v) 1 M 80 82%

775

6.1.3.1 Tetrakisaminophosphonium Cations
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Figure 40. Naming scheme for tetrakisaminophosphoniums (TP) discussed herein, counteranions 

omitted for clarity.

Tetrakisaminophosphonium cations provide a viable option for increased stability of 

phosphonium cations as the positive charge is delocalized between the phosphonium and amino 

substituents. There was no observed degradation of TP1 (Table 5, entry 1) or TP2 (Table 5, entry 

2) when subjected to 2 M KOH/CD3OH at 80 ºC for 720 h.747 Whereas P10 subjected to the same 

conditions resulted in only 38% cation retention (Table 4, entry 11), thus strongly suggesting that 

amino substituents effectively stabilize phosphonium cations. In order evaluate the relative 

stabilities of tetrakisaminophosphoniums harsher conditions are needed, as the above conditions 

were not sufficient to induce any observable degradation. 

Elevated temperatures and solvents with lower dielectric constants can facilitate faster 

degradation in alkaline media. To this end, Noonan and coworkers employed methyl carbitol as a 

solvent, combined with KOH, at high temperature to bring about rapid decomposition of these 

highly stable tetrakisaminophosphoniums.776 The authors noted that increasing steric congestion 

around the phosphorus center, as well as protection of beta-hydrogens, results in improved stability 

for these cations in this medium. For example, the smallest cation (TP1) degraded completely after 

4 h in 2 M KOH/methyl carbitol at 120 ºC (Table 5, entry 3). A phosphine oxide was the only 

degradation product observed, suggesting decomposition by direct attack at the P atom. TP3, with 

pendant diethylamino groups rather than pyrrolidino groups, exhibited improved stability and 

required higher temperatures for rapid decomposition, likely from increased steric protection of 

the P center. TP3 still almost completely degraded (12% cation remaining) after 4 h in 2 M 

KOH/methyl carbitol at 160 ºC (Table 5, entry 4), with 66% of the degradation due to Hofmann 

elimination (Scheme 7B) and 21% due to phosphine oxidation (Scheme 7A).
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Scheme 7. Observed degradation pathways for tetrakisaminophosphoniums. 

TP3 and TP4 have the same number of atoms but differ in atomic arrangement with a branched 

alkyl group for TP3. TP4 was more stable than TP3, with 37% cation remaining under identical 

testing conditions (Table 5, entry 5).776 For TP4, Hofmann elimination (Scheme 7B) slightly 

decreased, from 66% to 57% while the degree of phosphine oxidation (Scheme 7A) significantly 

decreased from 21% to 5%. This was attributed to the branched alkyl group increasing the steric 

protection at the P atom. TP5, with longer branched alkyl substituents, showed an even higher 

stability in 2 M KOH/methyl carbitol at 160 ºC, reducing the propensity for Hofmann elimination 

(Scheme 7B) by steric blocking of the β-H sites. Approximately, 57% of TP5 was remaining after 

4h (Table 5, entry 6). Finally, TP2 displayed the highest stability under these accelerated 

degradation conditions with 76% cation remaining after 4 h at 160 C (Table 5, entry 7). In addition 

to the steric protection imposed by the cyclohexyl group, the higher stability observed can be 

attributed to the amino group being locked into an equatorial position on the cyclohexane ring, 

making the antiperiplanar configuration required for Hofmann elimination (Scheme 7B) 

unfavorable.

6.1.3.2 Conclusion-Phosphonium Cations
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Figure 41. Approximate ranking of phosphonium stability in alkaline conditions from low (red) 

to high (green). Results vary depending on testing conditions used, counteranions omitted for 

clarity.

Overall, it has been shown that altering the steric and electronic properties of the phosphonium 

substituents impacts the alkaline stability, and an approximate ranking of phosphonium stability is 

shown in Figure 41. The incorporation of electron donating groups on the aryl substituents reduces 

the effects of phosphine oxidation (Scheme 6A). While methoxy substituents are the best electron-

donating groups for reducing phosphine oxidation, they are susceptible to degradation by ether 

hydrolysis (Scheme 6B). Tetrakisaminophosphoniums have extremely high alkaline stabilities 

such that degradation is only observed in extremely harsh alkaline conditions. Under these 

conditions, the phosphorus can undergo phosphine oxidation (Scheme 7A) if there is not sufficient 

steric protection of the phosphorus center. If there are readily accessible beta-hydrogens then 

Hofmann elimination (Scheme 7B) can occur on the amine substituents. When both of those 

degradation mechanisms are sufficiently blocked, as in the case of TP2, alpha-hydrogen 

abstraction can arise as a degradation mechanism (Scheme 7C). Although there are not many 

examples of tetrakisaminophosphonium-based AEMs,743,777 they are excellent cation candidates 

for stable membranes and more investigation is warranted.

Table 5. Tetrakisaminophosphonium stability study conditions and results, counteranions omitted 

for clarity.

Entry Name
Model 

Compound

Time

(h)
Solvent [OH] (M)

Temperat

ure

Percent 

Cation 
Reference
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(ºC) Remaining

1 TP1 720 CD3OH 2 M 80 >99% 747

2 TP2 720 CD3OH 2 M 80 >99% 745, 747

3 TP1 4

Methyl 

carbitol 2 M 120 0% 776

4 TP3 4

Methyl 

carbitol 2 M 160 12% 776

5 TP4 4

Methyl 

carbitol 2 M 160 37% 776

6 TP5 4

Methyl 

carbitol 2 M 160 57% 776

7 TP2 4

Methyl 

carbitol 2 M 160 76% 776

6.1.4 Conclusion-Cations

Throughout this section many organic cations and their respective stabilities in a range of 

conditions have been discussed and though there is no general consensus on the best cation, there 
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are some candidates that should be considered for further study and implementation in AEMs. Of 

the quaternary ammoniums, piperidinium, especially spirocyclic piperidinium structures such as 

QA25 are the most promising yet far more challenging to incorporate into polymer than TMA. In 

the case of imidazoliums, 2,6-dimethylphenyl or mesityl substitution at the C2 position paired with 

methyl or phenyl substitution at the C4/5 positions and butyl groups at the N1/3 positions, Im29, 

Im30, and Im40, should induce the highest stability. Incorporation of such compounds into 

polymers for AEMs may be challenging without compromising the polymer properties, especially 

with how much cation incorporation would be necessary to achieve reasonable ion exchange 

capacities. Tetrakisaminophosphoniums, such as TP2, are also highly stable but bulky cations that 

if well incorporated into polymer should produce alkaline stable AEMs. 

For future model compound stability studies, it is important to alter one substituent at a time so 

clear structure-stability relationships can be determined. It is also crucial that the field use a 

standard protocol so that results can be compared across different research groups. This can be 

challenging as cation solubility and stability can make one set of conditions infeasible. We propose 

that each set of cations is studied in multiple sets of conditions to get a complete picture of the 

cation stability in a range of conditions, and then at least one of the sets of conditions will match 

other studies in the field, making cation studies more comparable across groups. Of the protocols 

available, 0.05 M cation dissolved in 2 M KOH at 80 ºC should be used for aqueous conditions as 

long as the cation is soluble.751 0.05 M cation dissolved in 2 M KOH/CD3OH at 80 ºC should be 

used as a slightly accelerated condition as more organic cations will be soluble in methanol than 

water, and methanol is a potential fuel for AEMFCs.745 For extremely accelerated conditions 0.05 

M cation dissolved in 2 M KOH/methyl carbitol at 80 ºC should be used as the solvent has a low 

dielectric constant and is still a protic solvent, to better mimic aqueous conditions than non-protic 

solvents.776 To determine degradation mechanisms while retaining the hydroxide anion under 

dehydrated conditions, a two-phase method776 such as 0.05 M cation, 50 wt% NaOH/H2O and 

chlorobenzene at 80 ºC can be implemented. The favored degradation mechanism may change as 

a function of solvent, which must be taken into consideration when determining what substitutions 

should improve cation stability but testing the cations in multiple solvent systems should make 

those trends more clear.

The temperature should be held constant so as to not change more factors than can alter the 

degradation mechanism or skew away from realistic AEMFC conditions. Any NMR studies should 
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be performed in sealed tubes as to prevent the loss of volatile degradation products that may be 

useful in determining degradation pathways.745 Internal standards should be used to quantify 

degradation opposed to “non-labile” hydrogens on the cation as even hydrogens not directly 

involved in degradation can shift. The internal standard can be sealed in a capillary tube before 

being added to the NMR tube to ensure that it is not degraded.749 Only non-labile protons should 

be deuterated in solvents, paired with the use of solvent suppression in the NMR so that any signals 

from cation degradation are not lost to deuterium exchange.745 

While not every model cation study can accommodate these experimental parameters, if 

possible, multiple degradation conditions should be studied and reported to determine relative 

cation stability, and therefore good candidates for incorporation into AEMs. Furthermore, model 

studies can only predict how stable the cations will be when incorporated into polymer backbones 

and the only way to truly compare is through the study of AEMs directly (Sections 6.2 and 7). 

6.2 Membrane Properties and Performance
In the synthesis of novel polymers for AEMs, one must consider the choice of backbone, cation, 

and tethering group. AEMs are typically copolymers, with insulating segments to provide 

mechanical integrity, and ionic groups to promote anion movement through the material. Polymer 

morphology will be impacted by the choice of synthesized polymer (statistical, block, cross-linked 

network), which impacts membrane properties (e.g. mechanical stability, alkaline stability, ion 

exchange capacity (IEC), and water uptake (WU)). All these features are critically important when 

integrating the membrane/ionomer with electrocatalysts in MEAs as later discussed in Section 7.

Generally, there is an inherent tradeoff between the ionic content of a membrane and its WU 

which has propagating effects on mechanical durability and conductivity; as ion content increases, 

the membrane has an increased affinity for water. Excess water content will dilute the effective 

concentration of ions leading to a membrane with reduced ion conductivity. Furthermore, excess 

water will result in mechanical destabilization by allowing polymer chains to untangle as they 

swell or by solvating crystalline domains. Conversely, too little water has the potential to inhibit 

hydroxide transport throughout the membrane and result in little-to-no ion conductivity. This 

challenge of water management and hydroxide transport is further discussed in Sections 7.5 and 

7.6, respectively. 
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When trying to optimize the WU and IEC there are a number of methods that can be used to 

manipulate the properties of a polymer membrane. These include increasing the hydrophobicity of 

the ionic segments by the inclusion of long alkyl tethers, aromatic moieties, or by the formation of 

block copolymers with increased hydrophobic block size. Cross-linking polymer membranes is 

another effective method which works to rigidify polymer segments and lower the mesh size 

(distance between two polymer chains) so as to exclude water and enhance the mechanical 

properties. While the deleterious effects of WU vary polymer-to-polymer, a balance in mechanical 

integrity and performance tends to be found in membranes with less than 100 wt% WU and should 

be critically considered in the design of novel AEMs. 

Studies of the properties and performance of polymer backbones have been crucial to 

determining optimal materials for use as AEMs. Factors such as backbone flexibility, glass 

transition temperature, stereo/regioregularity, and constitutional isomerism dictate the properties 

important for operation in AEMFCs. These backbone properties significantly influence processing 

parameters such as film formation, thermomechanical behavior, and morphology, which in turn 

impact hydroxide conductivity and membrane swelling in water. A variety of polymer backbones 

have been employed, including: poly(arylene ether)s (PAEs), poly(arylene ether sulfone)s 

(PAESs), polyphenylenes (PPs), polyfluorenes (FLNs), polystyrene (PS), polyethylene (PE), and 

polynorbornene (PNB). The presence of heteroatom linkages in PAEs and PAESs have been 

shown to lower the alkaline stability as these polymers are susceptible to nucleophilic attack at the 

ether linkages.765,778-780 For this reason, we will primarily focus on the properties and performance 

of AEMs that are composed of hydrocarbon backbones, both aromatic and aliphatic, and highlight 

the specific advantages and disadvantages in the context of polymer structure, stability, and 

processability. A recent review highlights specifically the synthetic methodologies employed for 

the preparation of AEMs using a variety of functional precursors.740 Before discussing the specific 

literature examples of AEMs, it is useful to introduce several concepts that are integral to the 

design of polymers for AEMFCs. 

Film Formation - The most basic property required of a polymer membrane for AEMs is to 

form a mechanically robust film. Film formation is dependent on the inherent properties of the 

polymer such as: type of backbone, molecular weight (MW), glass transition temperature (Tg), 

crystallinity, and presence of cross-linkers or plasticizers as well as processing conditions. For 

example, the film forming properties and mechanical integrity of low MW polymers tend to be 
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poor resulting from the lack of chain entanglement necessary to resist deformation. Amorphous, 

low Tg polymers usually lack film forming properties because of the low thermal energy needed 

to begin segmental motion and can yield under low applied stresses. Crystalline domains in 

polymers typically improve mechanical properties but there is little evidence to suggest any effects 

of crystallinity on the resultant AEM performance. One report by Treichel et al. has posited that 

increasing crystallinity in a series of phosphonium-based ROMP norbornene polymers may have 

led to an increase in WU.777 However, pre- and post-processing steps (cross-linking, annealing, 

and mechanical deformation) will affect the final polymer membrane and therefore it is difficult 

to examine the impacts of crystallinity on both film formation and membrane properties.

Solvent casting requires the polymer system to be soluble, preferably in a wide array of solvents 

to yield the best chance of film formation. Choosing solvents that evaporate too quickly can result 

in non-homogenous film formation due to the kinetics of mass transport at the solvent interface.781 

Therefore, medium to high vapor pressure solvents (e.g., chlorobenzene, tetrachloroethane, 

DMSO753) are used to better control this phenomenon in cationic AEMs. Some methods to produce 

cationic membranes utilize post-polymerization functionalization (PPF) on already cast films. In 

this case, a broader array of solvents may be used to cast polymers, as cationic polymers tend to 

be less soluble than their unfunctionalized precursors. Solution viscosity is another parameter used 

to control the thickness and homogeneity of a polymer film-important qualities for obtaining 

reproducible results. Other more sophisticated techniques such as: tape casting, dip-coating, slot-

die coating, and spin-coating may also be used to generate large area and homogeneous 

membranes. However, each technique has its own challenges and set of parameters to optimize 

but can be useful with proper knowledge of polymer solution properties.

Cross-linking will increase the mechanical strength (e.g., modulus, elongation at break, stress 

at break) of a polymer by the formation of rigid networks. Furthermore, cross-linking will prevent 

the swelling of polymers and is a straightforward way to reduce deleterious effects of water in 

AEMs. However, too much cross-linking may lead to mechanical failure and materials unfit for 

AEMFC implementation. There are many chemistries that can be utilized to synthesize cross-

linked materials such as Diels-Alder, radical-based thiol-ene click chemistry or UV-promoted 

cross-linking with a UV sensitive molecule appended to the polymer scaffold or added to initiate 

cross-linking post-polymerization. However, each method of functionalization also necessitates 

the investigation of alkaline stability to ensure that the crosslinking moieties do not degrade or 
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undergo further reaction at long periods of time at high pH. Another popular method in the AEM 

field is cross-linking using a difunctional molecule or polymer that will react at pendant groups 

along the polymer chain to form a cross-linked network. Judicious choice of cross-linking moieties 

can even aid in hydroxide transport by selecting a functionality that will produce cationic groups 

and cross-link simultaneously. Kohl and coworkers have used this technique frequently782,783 by 

reacting N,N,N,N-tetramethylhexamethylenediamine (TMHDA) with pendent alkyl halides in a 

post-polymerization casting method to produce a cross-linked polymer membrane and further add 

cation content to increase the IEC of the resultant material. 

Reactive casting incorporates a cross-linker or modifier during polymerization to create robust 

films. Cross-linked AEMs are typically fabricated in a two-step process 1) casting the polymer 

membrane containing a cross-linking moiety either tethered to the polymer or added as a small 

molecule additive and 2) using some external stimuli (e.g., heat, light, pH) to induce cross-linking 

of the polymer membrane. Coates and coworkers routinely use this technique in the synthesis of 

cross-linked polyolefin-based AEMs by ring-opening metathesis polymerization 

(ROMP).772,784,785 For example, the addition of dicyclopentadiene to a mixture of functional 

norbornene monomers allows for cross-linking to take place during polymerization and can be 

carried out in a casting dish to yield mechanically rugged membranes in one step.785 While this 

method is useful for rapid fabrication of homogenous cross-linked membranes, this method only 

allows for one attempt at making a film due to the irreversible cross-linking reaction. Further batch-

to-batch variation can arise due to incomplete mixing or diffusion limited mass transport during 

the polymerization/cross-linking reaction. Conversely, plasticizers will promote polymer 

processability by effectively decreasing the Tg of the polymer membrane.786 This will allow easier 

handling when using processing techniques such as melt processing which necessitates a lower Tg 

to fabricate films. Therefore, much consideration must be taken into the synthetic design of 

polymers to promote the many aspects that contribute to film formation and other polymer 

properties. 

Lastly, melt pressing is a common technique to fabricate films that are generally insoluble. This 

technique applies pressure to a polymer sample using two heated plates. Polymers processed in 

this way are required to have a lower melting transition temperature (Tm) and Tg to induce 

segmental motion when pressure is applied. PE-based polymers tend to be insoluble and can be 
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processed in this manner, but melt pressing can be utilized in a wide array of systems that have 

amenable thermal properties.

Thermomechanical Properties - Favorable thermal properties of AEMs are important for 

processing into films, mechanical integrity, and potentially hydroxide transport. While there have 

not been any studies that directly show the link between Tg, crystallinity, or mechanical behavior 

on hydroxide transport, these factors should be considered in tandem with transport characteristics. 

Many methods exist to characterize thermal and thermomechanical properties of AEMs, such as 

differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), dynamic mechanical 

analysis (DMA), rheology, and tensile testing. DSC is typically used to elucidate thermal 

transitions of polymers (i.e., Tg, Tm, and crystallization temperature (Tc)) and characterize 

crystallinity in polymers. However, Kohl and coworkers have demonstrated the use of DSC to 

further characterize swelling properties by running experiments on a hydrated sample, lowering 

the temperature below the freezing point of water, and measuring the enthalpy arising from 

unbound water in the membrane.787 Using DSC, ‘unproductive’ free water (water not bound to a 

cation) can be quantified and help describe ion transport phenomena in terms of swelling behavior. 

TGA is used to quantify the thermal stability of polymers by measuring the mass loss as a function 

of temperature. Most reports use the temperature at which 5% of the polymer mass is lost as the 

metric to report thermal stability. DMA, rheology, and tensile testing are primarily used to 

understand the mechanical integrity of dry and, more importantly, hydrated films to consider the 

viability of AEMs during fuel cell operation. 

Morphology - One aspect of AEMs that should be investigated is the effect of microphase 

separation and the resulting morphology of the polymer on conductivity. A few reports have shown 

that multiblock copolymers are advantageous for hydroxide transport. This could be due to the 

formation of ordered phases that facilitate ion transport. No systematic studies on morphological 

effects on hydroxide transport have been done, although it is thought that a bicontinuous 

morphology will greatly enhance transport. Small-angle X-ray scattering (SAXS), scanning 

transmission electron microscopy (STEM) (Section 8) analyses of polymers currently used as 

AEMs have shown the presence of ionic aggregates, even in statistical polymers. There is a 

discrepancy in the effects of these aggregates on hydroxide transport. Some speculate that these 

aggregates act as traps for hydroxide, while others say aggregates improve transport by creating 

percolating networks of ion-rich phases (Section 7.5). Nonetheless, polymer morphology is 
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another handle to tune polymer properties and ion transport behavior, and its effects on AEM 

performances must be studied further. Lin and coworkers recently reviewed the effects of 

microphase separation in AEMs and provides further insight into the work and specific challenges 

associated with the implementation of block copolymer AEMs.788

6.2.1 Poly(arylene) (PA) Backbones

 Poly(arylene) (PA) backbones such as poly(terphenylenes) (PTPs), poly(biphenylenes) 

(PBPs), poly(arylene-imidazoliums), poly(benzimidazoles) (PBIs), and poly(fluorenes) (FLNs) 

have been of interest for use in AEMs as they are great film-formers and can be easily synthesized 

through polycondensation742,753,754 or metal-catalyzed couplings774 followed by PPF to incorporate 

cations. Many studies on arylene backbones have investigated the impact of polymer backbone 

structure, cross-linking, and cation linker length on membrane properties such as microphase 

separation and ion conductivity. Understanding the relationships between polymer architecture, 

morphology, and membrane properties will be critically important in making advancements in 

AEM performance.

6.2.1.1 Poly(phenylenes) (PPs)
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Figure 42. Naming scheme for poly(phenylene)s, counteranions omitted for clarity.

In a study of m-PP1, p-PP1, and PP2-65, depicted in Figure 42, Bae and coworkers explored 

the influence of polymer backbone structure on the morphology and conductivity of polyphenylene 

membranes substituted with trimethylammonium via alkyl linkers.789 All three membranes 

demonstrated significant alkaline stability with negligible signs of degradation after 720 h in 1 M 

NaOH at 95 ºC. Despite having similar IECs, m-PP1, p-PP1, and PP2-65 displayed conductivities 

of 112 mS/cm, 81 mS/cm, and 88 mS/cm at 80 ºC, respectively. However, there was only a slight 

difference between m-PP1, p-PP1, and PP2-65 when compared in MEAs with relatively low peak 

power densities (PPDs) of 0.20 W/cm2, 0.15 W/cm2, and 0.16 W/cm2,790 respectively, which may 

be due to the need for MEA optimization. General MEA fabrication and optimization is further 

discussed in Section 7.1. The higher conductivity and PPD for m-PP1 may be attributed to the 

microphase separation and polymer self-assembly that was observed by SAXS, wide-angle X-ray 

scattering (WAXS), and transmission electron microscopy (TEM), which was not observed for p-

PP1 or PP2-65.789 
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Jannasch and coworkers further investigated the effects of backbone structure and cation 

placement through a series of spirocyclic and piperidinium substituted poly(terphenyl 

alkylene)s.753 While monomers that are able to form spirocycles are typically challenging to obtain, 

the monomers in this report were synthesized in three steps. Polycondensation of the monomers 

followed by quaternization of the resulting polymers produced PP4, PP5, m-PP6, and p-PP6 shown 

in Figure 42. The conductivity of PP5 was twice as high as PP4 with 107 and 51 mS/cm at 80 ºC, 

respectively, demonstrating that piperidiniums give rise to higher conductivity through a 

combination of higher IEC and clustering of the cations observed by SAXS. m-PP6, with the cation 

placed on trifluoroacetophenone unit, demonstrated the highest hydroxide conductivity of the 

membranes with 146 mS/cm at 80 ºC, showing that the placement of the cation on the polymer 

backbone can make a substantial difference in performance. The comparison of m-PP6 to p-PP6 

demonstrates how backbone rigidity influences conductivity, as p-PTP backbones are more rigid 

than m-PTPs, which lead to a drop in conductivity to 103 mS/cm at 80 ºC, in the same way Bae 

observed a drop in conductivity from m-PP1 to p-PP1.789 Flexibility is important for promoting 

ion mobility and can be induced through choice of cation, backbone placement, and backbone 

structure. 
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Figure 43. Naming scheme for poly(p-terphenyl-piperidinium)s and poly(biphenyl-

piperidinium)s, counteranions omitted for clarity. 
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Additionally, incorporating the piperidinium into the rigid polyarylene backbone, giving 

poly(p-terphenyl-piperidinium)s, resulted in generally lower hydroxide conductivities despite 

higher IECs.791 Of the piperidinium substitutions, two N-methyl groups (Me-PPip1), a N-methyl 

and a N-butyl (Bu-PPip1), N-hexyl (Hex-PPip1) or N-octyl (Oct-PPip1) (Figure 43), Hex-PPip1 

demonstrated the highest conductivity, outperforming the pendant cation analog (p-PP6) with 47.9 

mS/cm and 38 mS/cm respectively at 20 ºC. The higher conductivity observed may be in part due 

to the change in morphology observed for the polymers substituted with long alkyl chains. While 

Me-PPip1 didn’t have the highest conductivity with 36.9 mS/cm at 20 ºC and 89 mS/cm at 80 ºC, 

it did display the highest stability, with less than 10% cation degradation after 720 h in 2 M NaOH 

at 90 ºC. These materials largely degraded by ring-opening elimination, likely owing to the rigid 

polymer backbone destabilizing the piperidinium by locking it into unstable conformations.

Me-PPip1 was also synthesized by Zhuang and coworkers (Figure 43) giving hydroxide 

conductivities of 49 mS/cm and 137 mS/cm at 30 ºC and 80 ºC, respectively.792 The higher 

observed conductivity may be in part due to the method of measurement, as Jannasch measured 

the conductivity with the membrane immersed in degassed water that was under nitrogen before 

the measurement,791 while Zhuang measured the membrane in a realistic fuel cell test fixture with 

a feed of humidified N2 to avoid any interference from CO2 on the measurement.792 A higher 

alkaline stability was also observed with only 4% and 16% cation degradation observed after 5040 

h in 1 M and 3 M NaOH at 80 ºC, respectively. A high performance and stability were achieved 

when Me-PPip1 was employed in an MEA with a PPD of 1.45 W/cm2 at 3.0 A/cm2 with H2/O2 

and 125 h of stable operation at 0.62 V with H2/CO2-free air at 80 ºC. 

Similar polymer structures were synthesized by Yan and coworkers via polycondensation of 

trifluoroacetophenone and N-methyl-4-piperidone with biphenyl or p-terphenyl to produce a series 

of PPip3-n and PPip4-n copolymers,793 where n is the number of cationic units (Figure 43). The 

introduction of trifluoroacetophenone allows for higher molecular weights and tunable IECs by 

varying the comonomer feed ratio. PPip4-85 achieved the highest conductivities of the polymers 

studied in the series with 78 mS/cm at 20 ºC and 193 mS/cm at 95 ºC, despite having a similar IEC 

to PPip3-70. Additionally, there was no observed conductivity loss for PPip4-85 after 2000 h in 1 

M KOH at 100 ºC, demonstrating that this material is not only highly conductive, but also highly 

alkaline stable. An MEA was assembled with MPBP-100-BP as the ionomer, due to its solubility 

in IPA/H2O solutions, and PPip4-85 as the membrane. The resulting MEA achieved a PPD of 0.92 
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W/cm2 at 95 ºC in H2/CO2-free air mode. When subjected to 0.5 A/cm2 at 95 ºC the MEA had a 

voltage loss of 11.5% after 250 h of operation. 

A series of N-spirocyclic poly(biphenyl-piperidinium)s were synthesized by Jannasch and 

coworkers using the same polycondensation method with trifluoroacetophenone or 

trifluoroacetone.754 All of the membranes with IECs of 1.81-2.00 demonstrated similar 

conductivities at 80 ºC between 94-102 mS/cm despite PPip4Ph and PPip5Ph having WUs twice 

those of PPip4Me and PPip5Me. The spirocyclic piperidinium incorporated into PPip5Ph and 

PPip5Me has demonstrated excellent stability in model compound studies, but incorporation into 

the rigid biphenylene backbone promoted Hofmann elimination, as evidenced by the significant 

degree of degradation after 720 h in 2 M NaOH at 90 ºC, which was favored at the ring directly 

attached to the polymer opposed to the pendant ring of the spirocyclic ammonium. 

Conversely, when Zhu et al. made a series of N-spirocyclic poly(biphenyl-piperidinium)s it was 

found that there was only 5-9% cation degradation after 2000 h in 3 M NaOH at 80 ºC, with attack 

occurring at the pendant and backbone rings.794 In this system, the cross-link density was varied 

without changing the IEC by implementing a cationic cross-linking architecture, PPip2-m in 

Figure 43 where m is the percent cross-linking. Membranes were synthesized with 0, 4.2, 8.4, and 

15% cross-linking. They found WU and degree of swelling decreased as a function of increasing 

cross-link density, where the non-cross-linked membrane fractured during the measurements and 

the cross-linked membranes remained intact. Interestingly, the PPip2-8,4 cross-linking 

demonstrated the highest conductivity with 116.1 mS/cm at 80 ºC. The authors attributed this 

finding to the distinct microphase separation detected by TEM and atomic force microscopy 

(AFM) for PPip2-8,4, while they propose that conductivity was lower in PPip2-15 due to the 

extreme surface-phase separation observed by AFM. The low MEA performance observed for 

PPip2-8,4, with a PPD of 0.087 W/cm2, was attributed to a high ohmic resistance for the 

membrane, indicating that further membrane optimization is necessary, but the membrane 

demonstrated promising conductivity and stability. 

Mayadevi et al. synthesized a series of poly(terphenyl-piperidinium)s with varying ratios of 

para-terphenyl and meta-terphenyl units in the backbone (PPip5-m).795 With equal para-terphenyl 

and meta-terphenyl incorporation, PPip5-50 demonstrated a hydroxide conductivity of 53.5 

mS/cm at 20 ºC and 130 mS/cm at 80 ºC, which was higher than the conductivities exhibited by 

PPip5-20 and PPip5-60 despite having similar experimental IECs. PPip5-50 also had the most 
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pronounced SAXS diffraction patterns attributed to long-range-ordered morphology and 

continuous ionic channels which may have given rise to the enhanced conductivity. AFM showed 

that the size of the ionic domains in the membranes increased with increasing meta-terphenyl unit 

incorporation because the kinked structure of the meta-terphenyl induced more free volume in the 

membrane than the para-terphenyl units. The finding that equal incorporation of meta-terphenyl 

and para-terphenyl units gave the best membrane is interesting as Bae789 and Jannasch764 both 

found that poly(m-terphenylene) based membranes gave the highest conductivity in their 

respective systems. Given these findings, a study comparing the performance of poly(m-

terphenylene-piperidinium) and combinations of meta-terphenyl and para-terphenyl in other 

systems would be beneficial.

6.2.1.2 Poly(arylene-imidazoliums)

Figure 44. Naming scheme for poly(arylene benzimidazoliums) and poly(arylene imidazoliums), 

counteranions omitted for clarity.
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In order to append benzimidazoliums to a poly(m-terphenylene) backbone (m-PP3) Holdcroft 

and coworkers synthesized a monomer through the cross coupling of a C2-2,6-dibromophenyl 

substituted benzimidazole with (4-chlorophenyl)boronic acid.774 The monomer was polymerized 

via Yamamoto coupling and the resulting polymer was methylated to produce an extremely strong 

cationic membrane with a tensile strength of 72 MPa, IEC of 2.56 meq/g that exhibits a modest 

hydroxide conductivity of 13.2 mS/cm. There was only 5% degradation observed after the 

membrane was soaked in 2 M KOH at 80 ºC for 168 h. This membrane was synthesized in six-

steps to produce a benzimidazolium substituted AEMs with modest conductivity and reasonable 

stability. 

While cations are often tethered to the polymer backbone, they can also be incorporated into 

the backbone. Holdcroft also synthesized a series of poly(arylene benzimidazoliums) depicted in 

Figure 44, where PIm2 with a degree of quaternization (dq) of 92% gave a hydroxide conductivity 

of 9.7 mS/cm,796 and with 95% dq a chloride conductivity of 15 mS/cm was observed.773 Chloride 

conductivity was measured to avoid any bicarbonate formation that can interfere with hydroxide 

conductivity measurements. However, if the 95% dq membrane was heated above 22ºC or if 100% 

of the nitrogen atoms were methylated the membrane became water soluble at 22ºC, demonstrating 

the need for balance between maximizing IEC and retaining mechanical integrity. Cross-linking 

was used to enhance the mechanical integrity of the higher IEC membranes giving PIm2-XL. With 

15% cross-linking and a total dq of 95% and 100%, the chloride conductivities achieved at 80 ºC 

were 30 mS/cm and 35 mS/cm, respectively. While the membranes were mechanically robust, they 

lost 85-95% of their conductivity after exposure to 3 M KOH at 80 ºC, demonstrating the need for 

a more alkaline stable alternative.

Penta-substituted imidazolium cations show higher stabilities than benzimidazoliums in model 

compound studies and were chosen for incorporation into poly(arylene) scaffolds. A poly(arylene-

imidazolium) (PIm3) film was synthesized by Holdcroft through microwave polycondensation of 

bisbenzil, a dialdehyde monomer, and excess ammonium acetate followed by methylation of the 

resulting imidazole groups.742 The PIm3 film was insoluble in water at 25 ºC, but at 80 ºC the 

membrane slowly dissolved. In basic aqueous solutions (10 M KOH), the film was not soluble up 

to 100 ºC and no degradation was observed after 168 h. When PIm3 was applied in a MEA, the 20 

𝜇m thick membrane achieved a PPD of 0.82 W/cm2 at 1.8 A/cm2, and the hydroxide conductivity 
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was estimated to be 280 mS/cm from the high frequency resistance (HFR). After 10 h of operation, 

excess swelling and partial dissolution of the membrane caused decreased performance.

Holdcroft then implemented bis-imidazoliums in the poly(arylene-imidazolium) backbone and 

found that the N-methyl substituted imidazoliums (PIm4-Me) membranes gave the highest 

chloride conductivity of 32.7 mS/cm.741 This is likely due to a high IEC of 2.86 meq/g, but only 

66% cation remained after 240 h at 80 ºC in 10 M NaOH. This membrane also had the highest 

tensile strength (75 MPa) of the membranes synthesized for the study. PIm4-Bu gave a chloride 

conductivity of 8.5 mS/cm but had 98% cation remaining under the same conditions and achieved 

a PPD of 0.25 W/cm2 at 70 ºC. X-ray scattering of PIm4-Me revealed ~4, 8 and 16 nm-1 peaks 

corresponding to monomer-monomer spacing, anion-anion spacings, and anion-imidazolium 

spacings, respectively. It was observed from the X-ray scattering that as N-alkyl chain length 

increased the distance between the imidazolium and the counter anion decreased which was 

consistent with their X-ray diffraction (XRD) results for the imidazolium model compounds.

6.2.1.3 Poly(benzimidazoles) 
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Figure 45. Naming scheme for poly(benzimidazoles), counteranions omitted for clarity

Ding and coworkers were unable to form films from PBIm-PCP, a polymer similar in structure 

to PIm2, but incorporating long chain linkers to imidazolium cations led to better film formation 

and higher conductivities than PIm2.797 AFM was used to study the morphology of membranes 

composed of PBI backbones with either a n-propyl (PBI1) or hexyl (PBI2) linker to an 

imidazolium. It was observed that longer alkyl chains separating the backbone from the cation 

better promoted phase separated morphologies allowing for larger ionic clusters. This finding was 

confirmed by SAXS where interdomain Bragg spacings of 2.91 nm and 5.51 nm were observed 

for (PBI1) and (PBI2), respectively. The larger ionic clusters likely aided in hydroxide transport 

as PBI2 demonstrated a higher conductivity and PPD than PBI1 despite having a slightly lower 

IEC. Both membranes lost ~12% conductivity after 240 h in 2 M KOH likely due to degradation 

of the imidazolium cation. When exposed to Fenton’s reagent at 60 ºC for 120 h there was ~15% 
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weight loss observed, indicating that the polymer is susceptible to degradation by oxidation, which 

has been shown to induce loss of performance in MEAs.798 

Ding and coworkers went on to prepare nanocomposite AEMs comprised of PBI with 

imidazolium functionalized graphene oxide.799 Moving the cation from the polymer backbone to 

dispersed nanoparticles (NPs) resulted in higher conductivity with ~50 mS/cm at 20 ºC compared 

to the ~17 mS/cm observed for PBI1. The composite membrane lost ~15% of its conductivity after 

200 h in 2 M KOH at 60 ºC, which is a higher conductivity loss in less time compared to PBI1. 

PBI backbones with cobaltocenium cations embedded synthesized by Chen et al. achieved 

moderate hydroxide conductivities and stabilities.800 Of the various backbone modifications 

studied, PBI3, depicted in Figure 45, demonstrated the highest conductivity with 33 mS/cm at 80 

ºC which is around half that of PBI2. PBI3 exhibited a conductivity loss of 15-20% after 672 h in 

1 M KOH at 60 ºC, with degradation observed on the cobaltocenium ring and on the 

benzimidazolium ring.

6.2.1.4 Poly(fluorenes)
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Figure 46. Naming scheme for poly(fluorenes), counteranions omitted for clarity.
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Poly(fluorenes) (FLNs) are another promising polymer backbone structure for AEMs as they 

are easily synthesized, solvent processable, alkaline stable, and lower deleterious catalyst 

interactions compared to poly(phenylenes). Kim and coworkers demonstrated that FLN polymer 

structures reduce the effects of phenyl group adsorption on the surface of electrocatalysts 

compared to poly(phenylenes) due to the non-rotatable nature of the FLN backbone.801 As an 

ionomer, FLN induced higher MEA performances than PBP with PPDs of 1.0 W/cm2 and 0.37 

W/cm2, respectively, when paired with a m-PTP membrane despite the ionomers having similar 

IECs and hydroxide conductivities. They found that the MEA performances correlated well with 

the calculated adsorption energies for each of the backbone structures, indicating that adsorption 

is a likely cause of the loss of performance. 

Bae and coworkers employed a palladium-catalyzed Suzuki-coupling to synthesize FLN4, 

FLN2, and FLN3802 depicted in Figure 46. These AEMs demonstrated low swelling ratios, 

moderate water WUs, and good hydroxide conductivities and stabilities. FLN4 demonstrated the 

highest conductivity with 124 mS/cm at 80 ºC with a high IEC of 3.56 meq/g. The aggregation of 

ions resulting from the high IEC likely caused the FLN4 membrane to become fragile after 168 h 

in 1 M NaOH at 80 ºC despite there being no observable chemical degradation even after 720 h 

and FLN-F and FLN3 retaining their flexibility.

In order to access higher molecular weights, Miyanishi and Yamaguchi used polymerization 

via palladium-catalyzed C-H activation to synthesize a series of polymers similar to FLN4 with 

tetrafluorophenyl groups in the backbone and a variety in the size of linker to the 

trimethylammonium group.803 FLN5-Hex achieved a hydroxide conductivity of 156 mS/cm at 70 

ºC, 32 mS/cm higher than FLN4 despite having a lower IEC and being measured at a lower 

temperature. This finding indicates that fluorination of the phenyl component of the backbone 

promotes hydroxide conductivity. There was 14% conductivity loss after 168 h in 8 M NaOH at 

80 ºC, and it was found by NMR that the quaternary ammonium signals did not change. Instead, 

backbone degradation from fluoride displacement by hydroxide was observed with possible 

subsequent cross-linking from aryl-ether formation. While others have found that longer alkyl 

chain linkers can lead to higher conductivity,797 FLN5-Hex, with the shortest alkyl linker, had the 

highest conductivity likely owing to the higher IEC.803 The differences in conductivity with linkers 

of 6-10 carbons may also just differ less than linkers varying between 1-6 carbons. 
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Ono et al. also synthesized FLNs with a fluorinated comonomer, in this case an dimethylamine-

functionalized fluorene was copolymerized with (perfluorohexane-1,6-diyl)dibenzene as the 

perfluorinated alkylene units can provide greater membrane flexibility and solubility.804 After 

quaternization of the amines with iodomethane, the polymer was solvent cast to produce FLN6 as 

a very flexible film, especially for those comprised of aromatic backbones, as exemplified by the 

origami bird folded from it.804 More quantitatively, FLN6 with an IEC of 0.75 meq/g was able to 

achieve an elongation at break of 414%. The highest maximum stress was achieved by the 

membrane with a IEC of 1.47 meq/g with 22.7 MPa. This membrane also demonstrated the highest 

hydroxide conductivity with 47.8 mS/cm at 30 ºC and 86.2 mS/cm at 80 ºC, despite not having the 

highest IEC of the series. This finding demonstrates the need to balance membrane properties with 

cation density; it is predicted that the excessive WU observed for the membrane with a higher IEC 

caused the decrease in conductivity. The FLN6 membranes demonstrated excellent stability as 

there was no conductivity loss after 1000 h in 1 M KOH at 80 ºC, where the polyphenylene analog, 

PTP-PFH lost all conductivity. In an MEA test, FLN6 with an IEC of 1.84 meq/g was able to reach 

a PPD of 0.515 W/cm2 and only had a potential loss of 0.26 V after 1067 h operation at 0.02 A/cm2. 

While the MEA demonstrated great stability, higher current densities are typically required for 

stability studies (>0.2 A/cm2) which should be taken into account when comparing MEA stability 

results. 

Yang et al. synthesized a series of polymers with biphenyl and fluorene segments through the 

polycondensation of 9,9-bis(5-bromopentyl)-fluorene with biphenyl and trifluoroacetone.779 The 

resulting polymers were then substituted with trimethylammonium (FLN7-TMA) or bulky 

imidazoliums (FLN7-Im4Me and FLN7-Im4Ph). FLN7-TMA demonstrated the highest 

conductivity with 78 mS/cm at 30 ºC compared to 50 mS/cm and 7 mS/cm for FLN7-Im4Me and 

FLN7-Im4Ph, respectively. This conductivity trend is likely due to the difference in IEC for the 

membranes, but the IEC of FLN7-Im4Me and FLN7-Im4Ph are quite similar, 1.49 and 1.36, 

respectively. However, there is a drastic difference in conductivity, suggesting that more than just 

IEC is playing a role. FLN7-Im4Me had a WU of 100%, while FLN7-Im4Ph had a WU of 28% 

and was very brittle and the higher WU in FLN7-Im4Me may have allowed for better hydroxide 

transport. All three membranes retained their conductivity after 720 h in 2 M NaOH at 80 ºC, 

demonstrating excellent stability. When implemented in an MEA, FLN7-TMA and FLN7-Im4Me 

produced PPDs of 0.610 W/cm2 and 0.032 W/cm2, respectively. While FLN7-TMA demonstrated 
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a moderately high PPD, it was unstable when held at a constant current density of 0.2 A/cm2 at 60 

ºC, after 71 h the PPD dropped to 0.235 W/cm2 and degradation of the ammonium by ylide 

formation and Hofmann elimination was detected. If the FLN7-Im4Me MEA can be optimized to 

produce higher PPDs, it may be a promising candidate in AEMs given its stability.

Spirobifluorene-based AEMs, FLN8 and FLN9, were synthesized by Miyanishi and 

Yamaguchi through a Suzuki-Miyaura coupling reaction followed by Wohl-Ziegler and 

Menshutkin reactions.805 While polyaromatics can suffer from poor solubility, the resulting twisted 

structure disrupts polymer chain stacking, thus improving the polymer solubility and 

processability. Furthermore, this twisted structure can also promote chain entanglement which can 

lead to better film formation. Both membranes showed very low WUs likely due to the 

hydrophobicity of the polymer backbone. Despite the low WU, FLN9 demonstrated a moderately 

high hydroxide conductivity of 82.6 mS/cm at 70 ºC. Moreover, the hydroxide conductivity of 

FLN8 and FLN9 is much lower than other fluorene AEMs with similar IECs. 

Conclusion-Poly(arylene)s

Poly(arylene)-based membranes can be high-performance AEMs with hydroxide conductivities 

upwards of 100 mS/cm and PPDs up to 0.82 W/cm2. However, this class of membranes can be 

quite brittle due to the rigid aromatic segments composing the backbone. Various strategies have 

been used to manipulate the mechanical properties such as varying the backbone structure through 

bonding (meta vs. para), cross-linking, and the use of flexible comonomers. Additionally, aromatic 

backbones are prone to oxidation at the cathode798 and phenyl group adsorption is the major 

limiting factor for MEAs employing polyaromatic-based membranes.806 As such, polymer 

structures with less aromatic moieties should be investigated as they are more promising for 

producing membranes that will have long-term stability and performance when implemented in 

AEMFCs.

Table 6. Poly(arylene) membrane properties and performances.

Entry Name

IEC 

theo(exp)

(meq/g)

WUa (wt %)

Dimensional 

Changea

(L%)

Hydroxide 

Conductivity 

(mS/cm)

PPD (W/cm2) 

(Current 

Density 

(A/cm2))

Ref.
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1 m-PP1 (2.15) 70 NA
54 at 30 ºC

112 at 80 ºC
0.20 (0.36) 789

2 p-PP1 (2.12) 65 NA
43 at 30 ºC

81 at 80 ºC
0.15 (0.31) 789

3 PP2-65 1.94 85 NA
41 at 30 ºC

88 at 80 ºC
0.16

789, 

790

4 PP2-100 2.70 124 NA
62 at 30 ºC

122 at 80 ºC
NA 789

5 PP4 1.58 (1.57) 54 at 80 ºC NA
19 at 30 ºC

51 at 80 ºC
NA 753

6 PP5 1.69 (1.71) 99 at 80 ºC NA
44 at 22 ºC

107 at 80 ºC
NA 753

7 m-PP6 1.69 (1.73) 103 at 80 ºC NA
66 at 22 ºC

146 at 80 ºC
NA 753

8 p-PP6 1.69 (1.82) 73 at 80 ºC NA
38 at 22 ºC

 103 at 80 ºC
NA 753

9 Me-PPip1 2.38 (2.42) 145 NA
36.9 at 22 ºC

89 at 80 ºC
NA 791

10 Me-PPip1 2.49 145 10 at 80 ºC
49 at 22 ºC

137 at 80 ºC
1.45 (3.0) 792

11 Bu-PPip1 2.16(2.21) 109 NA
32.9 at 22 ºC

 84 at 80 ºC
NA 791

12 Hex-PPip1 2.04(2.08) 44 NA
47.9 at 22 ºC

 111 at 80 ºC
NA 791

13 Oct-PPip1 1.93(1.98) 33 NA
29.3 at 22 ºC

 61 at 80 ºC
NA 791

14 PPip4-85 2.37 NA NA
78 at 22 ºC

(193) at 95 ºC
0.92c 793
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15 PPip4Me 2.00
90 at 22 ºC

187 at 80 ºC
39 at 80 ºC 102 at 80 ºC NA 754

16 PPip5Ph 1.94
100 at 22 ºC

220 at 80 ºC
49 at 80 ºC 94 at 80 ºC NA 754

17 PPip4Me 1.94
55 at 22 ºC 

96 at 80 ºC
25 at 80 ºC 95 at 80 ºC NA 754

18 PPip5Ph 1.81
50 at 22 ºC

97 at 80 ºC
21 at 80 ºC 102 at 80 ºC NA 754

19 PPip2 2.92 (2.34) 133 30 82 at 80 ºC NA 794

20 Ppip2-8.4 2.94 (2.39) 95 22 116 at 80 ºC 0.09 794

21 PPip5-50 2.80 (2.49) 49 19
53.5 at 22 ºC

130 at 80 ºC
0.17 (.41) 795

22 m-PP3 2.56 81 NA 13.2 at 22 ºC NA 774

23 PIm2 2.7 180 NA 9.7 at 22 ºC NA 796

24 PIm2 2.71 NA NA 15b at 22 ºC NA 773

25 PIm2-XL 2.87 NA NA 35b at 80 ºC NA 773

26 PIm3 2.61 82 NA 280a at 80 ºC .82 (1.8) 742

27 PIm4-Me 2.86 48 45 32.7b at 22 ºC NA 741

28 PIm4-Et 2.65 28 26 21.3b at 22 ºC NA 741

29 PIm4-Bu 2.30 12 14 8.5b at 22 ºC 0.25 741

30 PBI1 2.29 30 11 ~17 at 22 ºC 0.34 797

31 PBI2 2.09 37 16
20.1 at 22 ºC 

63.4 at 80 ºC
0.45 797

32 PBI-GO 2.27 40 10
~50 at 22 ºC

 ~70 at 80 ºC
NA 799
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33 PBI3 (1.92) 40 27
13 at 22 ºC

 33 at 80 ºC
NA 800

34 FLN1 2.5 (2.5) 180 60
110 at 30 ºC

120 at 80 ºC
NA 801

35 m-PP1d 2.15 70 at 80 ºC NA 100 at 80 ºC 1.46 801

36 FLN4 3.56 (3.61) 71 10
50 at 30 ºC 

124 at 80 ºC
NA 802

37 FLN2 2.44 (2.34) 25 5
21 at 30 ºC 

48 at 80 ºC
NA 802

38 FLN3 2.90 (2.89) 40 7
24 at 30 ºC

85 at 80 ºC
NA 802

39 FLN5-Hex 3.0 41 30
90.2 at 40 ºC

156 at 70 ºC
NA 803

40 FLN5-Oct 2.8 40 18
68.3 at 40 ºC

117 at 70 ºC
NA 803

41 FLN5-Dec 2.6 34 10
58.7 at 40 ºC

101 at 70 ºC
NA 803

42 FLN7-TMA 2.17 (2.15) 48 at 30 ºC 26 at 30 ºC 78 at 30 ºC 0.61 779

43
FLN7-

Im4Me
1.49 (1.51) 100 at 30 ºC 26 at 30 ºC 50 at 30 ºC 0.03 779

44
FLN7-

Im4Ph
1.36 (1.35 28 NA 7 at 30 ºC NA 779

45 FLN6 1.47 105 at 30 ºC NA
47.8 at 30 ºC 

86.2 at 80 ºC
NA 804

46 FLN6 1.84 ~190 at 30 ºC NA
~45 at 30 ºC

~80 at 80 ºC
0.52 (0.93) 804

47 FLN8 (1.2) 11 12 23.1 at 70 ºC NA 805
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48 FLN9 (2.3) 25 26 86.2 at 70 ºC NA 805

a: Estimated from HFR of MEA at 80 ºC. b: chloride conductivity, c: conducted with H2/CO2-free air, d: MEA 

assembled with a m-PP1 membrane and a FLN1 ionomer.

6.2.2 Polystyrene (PS) Backbones

Polystyrene (PS) is an attractive candidate for scalable AEM production. Commercially available 

PS can be easily substituted with cations in two steps using chloromethylation followed by a 

Menshutkin reaction. However, the rigidity of PS results in poor mechanical properties that may 

inhibit its utility. Cross-linking, copolymerization with softer comonomers, and polymer blending 

strategies can help to improve the mechanical properties, mitigate WU, and swelling of PS-based 

membranes. Additionally, these strategies can be used to invoke advantageous changes in micro-

phase separation, which can influence hydroxide transport.

N

n 100-n

N

n 100-n

NPS1-BTMA PS1-MeIm

N
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N
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x
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Figure 47. Naming scheme for polystyrenes, counteranions omitted for clarity.

Yang et al. have reported two PS membranes: one (PS1-BTMA) functionalized with BTMA 

and the other with 1,2-dimethylimidazolium (PS1-MeIm).757 To control swelling, the membranes 

were cross-linked with 10 mol% dichloro-p-xylene. Both membranes demonstrated a relatively 

low tensile strength <15 MPa and elongation at break <7%, demonstrating the need for a material 

with greater strength and flexibility. The membranes also displayed very low WUs (2–3%), 

causing the membranes to exhibit low conductivity. Even so, PS1-BTMA showed higher 

conductivity than PS1-MeIm with 18.9 and 11.6 mS/cm at 30 ºC. When implemented in a direct 
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methanol fuel cell, PS1-BTMA displayed a low PPD of 0.022 W/cm2 and PS1-MeIm gave a 

negligible PPD of <0.001 W/cm2. Some of the differences in performance may be due to the lower 

initial IEC of PS1-MeIm compared to PS1-BTMA (0.48 and 1.34 meq/g respectively). When 

subjected to 1 M KOH at 60 ºC, PS1-BTMA retained all of its conductivity and IEC after 800 h, 

while PS1-MeIm lost nearly half its conductivity and 0.035 meq/g of its IEC after 90 h in the same 

conditions. Conversely, some studies by Yan and coworkers suggest that membranes 

functionalized with imidazoliums retain their conductivity, regardless of nitrogen substitution, 

better than membranes functionalized with BTMA. 

A series of cross-linked polystyrene/polyacrylonitrile AEMs were synthesized by Yan and 

coworkers via a photoinitiated copolymerization of styrene, acrylonitrile, cationic monomer, and 

divinylbenzene cross-linker.758 Membranes using 2-dimethyl-3-butylimidazolium (PS2-BuIm), 2-

dimethyl-3-isopropylimidazolium (PS2-iPrIm), and BTMA cations (PS2-BTMA) were 

synthesized in order to compare membrane performances. All three membranes have very similar 

properties: IEC values of 0.93–0.97 meq/g, WU values from 64–68%, dimensional swelling of 

21–24%, and initial conductivities of 10.2–10.9 mS/cm at 30 ºC, and 15.3–15.8 mS/cm at 60 ºC. 

This shows that if the IECs of the membranes are more similar, then there is no difference in 

conductivity between the BTMA and imidazolium substituted membranes. After 600 h in 1 M 

NaOH at 80 ºC both imidazolium-based membranes retained 94% of the initial conductivity at 30 

ºC while the BTMA substituted membrane only retained 59% conductivity. PS2-MeIm has an IEC 

value of 1.52 meq/g and the membrane achieved a modest conductivity of 14.1 mS/cm at 30 ºC.767 

The membrane retained its conductivity for 96 h in 1 M KOH at 80 ºC. Exchanging the 1,2-

dimethylimidazolium for a 1,2-dibutylimidazolium (PS2-DiBuIm), did not make any significant 

change in the conductivity or stability, but it showed an increase in the WU from 50% to 82%.769 

As piperidinium-based model compounds showed high stability, Jannasch and coworkers 

employed a Friedel-Crafts alkylation to functionalize PS with dimethylpiperidinium (PS4-Me) and 

two different spirocyclic ammoniums (PS4-Pyr and PS4-Pip).752 There was little degradation 

observed for PS4-Me and PS4-Pip after 720 h in 2 M NaOH at 90 ºC and only 13-25% cation loss 

after 240 h at 120 ºC, demonstrating the excellent stability of these membranes. PS4-Pyr and PS4-

Pip were functionalized to an IEC of 1.3 meq/g and PS4-Me was synthesized with a range of IECs 

from 1.3 to 1.6 meq/g. While a higher IEC normally leads to a higher conductivity, in this case, 

PS4-Me (IEC = 1.4 meq/g) achieved the highest conductivity with 106 mS/cm at 80 ºC. Increasing 
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to an IEC of 1.6 meq/g leads to a drop in conductivity to 79 mS/cm at 80 ºC, likely due to the 

excessive WU of 268% at this charge density. This demonstrates the need to balance maximizing 

IEC with retaining mechanical durability. At nearly identical IECs, PS4-Me demonstrated the 

highest conductivity followed by PS4-Pyr, then PS4-Pip, which trends with the WU of each 

membrane, again showing how WU greatly influences hydroxide transport in these systems. When 

PS4-Me was blended with PBI to mitigate the WU and provide additional mechanical integrity to 

the weak membranes, a 28–64% drop in WU was observed, as expected, which came with a 10–

30% drop in conductivity.

Piperidinium can also be incorporated into PS via copolymerization of functionalized 

monomers. Wei and coworkers synthesized piperidinium-functionalized cross-linked PS through 

the direct copolymerization of piperidinium functionalized styrene monomer with 1,4-

divinylbenzene.807 This was done in the presence of poly(vinyl alcohol) (PVA) that was 

subsequently cross-linked to make an interpenetrating poly network (IPN) membrane. This process 

yielded a membrane with good mechanical properties, when compared to the incredibly fragile 

membrane without PVA. PS3 demonstrated excellent hydroxide conductivity with 89.3 mS/cm at 

20 ºC and 202.8 mS/cm at 80 ºC with an IEC of 1.62. When applied in an MEA, a PPD of 1.2 

W/cm2 was achieved with a non-precious FeNx-CNT cathode and PtRu/C anode at 60 ºC. The high 

performance of the membrane is likely related to the restriction of cations to the PS network within 

the IPN, causing the formation of distinct ion-conducting channels, which can be seen by TEM. 

This membrane demonstrated great hydroxide stability with a conductivity loss of 19% after 1248 

h in 6 M NaOH at 80 ºC. Nucleophilic hydroxide attack at the benzylic attachment to the 

ammonium was identified as the main degradation pathway. 

A novel AEM architecture was explored by Ge et al. with the synthesis of a series of hyper-

branched poly(vinylbenzyl chloride) (HB-PVBC)-based membranes.808 A hydroxide conductivity 

of 123 mS/cm at 80 ºC was observed, which is quite high in comparison to similar materials and 

is attributed to formation of microphase separation in the hyper-branched polymer as observed by 

AFM and TEM. In a follow up report, the HB-PVCB system was cross-linked with a diamine 

linker with either a 2, 6, or 10 carbon spacer to give HB-PVBC-XL-x,809 where x is the number of 

carbons in the spacer. For HB-PVBC-XL-2, microphase separation was not detected by TEM, 

while HB-PVBC-XL-6 displayed 3 nm wide hydrophilic domains. HB-PVBC-XL-10 

demonstrated less defined domains (7.5 nm wide). These results demonstrate how polymer 
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morphology can be tuned to induce the desired level of micro-phase separation. HB-PVBC-XL-

10 demonstrated the highest conductivity, likely owing to its high WU of 109%. This high WU 

rendered HB-PVBC-XL-10 unfit for use in MEAs, although HB-PVBC-XL-6 gave a modest PPD 

of 0.097 W/cm2. All of the HB-PVBC-based AEMs demonstrated good alkaline stability, and of 

all of the variants, the non-cross-linked membrane achieved the highest conductivity.

6.2.2.1 Poly(styrene-ethylene-co-butylene-styrene) (SEBS)

Poly(styrene-ethylene-co-butylene-styrene) (SEBS), a commercially available thermoplastic 

elastomer with a high elongation at break (461%) can be used as a polymer backbone for AEMs 

or as an additive to improve the mechanical properties of PS membranes. 
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Figure 48. Naming scheme for Poly(styrene-ethylene-co-butylene-styrene, counteranions omitted 

for clarity.

Wang et al. used an azide “click” reaction to substitute commercial PS with 

dimethylpiperidinium (DMP) and spirocyclic piperidinium (SP) via a triazole linker.765 The 

resulting polymers were too brittle to form films with mechanical properties suitable for AEMs. 

For this reason, the PS polymers were blended with SEBS, which allowed for solvent casting of 

AEMs: PS5-MP and PS5-SP. Despite blending with SEBS, the membranes still demonstrated 

relatively low tensile strengths and elongations at break. Surprisingly, the spirocyclic-
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functionalized membrane, PS5-SP, gave a higher conductivity than PS5-MP despite having similar 

IECs of 25.8 mS/cm and 31.6 mS/cm at 20 ºC, respectively. PS5-SP also demonstrated a higher 

hydroxide stability than PS5-MP with 83% and 59% conductivity remaining after 1800 h in 5 M 

NaOH at 80 ºC. While PS5-SP demonstrated an excellent alkaline stability and moderate 

hydroxide conductivity, only a modest PPD of 0.130 W/cm2 was achieved. 

Mohanty et al. functionalized the SEBS polymer with a series of quaternary ammoniums using 

metal-catalyzed aromatic C-H borylation followed by Suzuki coupling.810 Of the six membranes 

synthesized, SEBS1-BTMA demonstrated the highest conductivity with 45 mS/cm at 30 ºC and 

102 mS/cm at 80 ºC, likely owing in part to having the highest IEC of 2.19 meq/g. When 

implemented in an MEA, SEBS1-BTMA gave a PPD of 0.223 W/cm2 with some voltage loss but 

no sign of membrane degradation after 110 h at 60 ºC. A comparison of the conductivity values of 

SEBS-P-HTMA (59 mS/cm) and SEBS1-BDMHA (34 mS/cm) at 60 °C demonstrates the benefit 

of alkyl spacers on hydroxide transport. SAXS peaks suggest that non-functionalized SEBS has a 

cylindrical morphology resulting from the incompatibility of the different blocks within the 

polymer. These peaks were absent in SAXS of SEBS1-BTMA, SEBS-P-HTMA, and SEBS1-

BDMHA, indicating a loss of the nanoscale structure previously observed in SEBS. Additionally, 

most of the membranes demonstrated high WUs near or above 200%, which may make water 

management difficult for these membranes.

With the goal of achieving higher conductivities, Yang et al. synthesized a SEBS membrane 

grafted with poly(ethylene glycol) (PEG) and functionalized with trimethylammonium cations.811 

The membranes with (SEBS4-PEG) or without (SEBS4) PEG chains demonstrated incredibly low 

WUs for SEBS-based materials: <10% as compared to the 150–250% typically observed for these 

materials. This may be due to the low IEC of these membranes, though it is still an exceptionally 

low WU. Using TEM, the authors observed the size of the hydrophilic-phases increased with 

increasing PEG, feasibly giving rise to larger ion-conducting channels. The degree of PEG 

incorporation varied from 0 to 22% and did not correlate linearly with conductivity. Membranes 

incorporating only 10% PEG gave lower conductivity than those with 0% incorporation. 

Moreover, membranes with 15% PEG incorporation gave the highest conductivity. This finding 

may indicate that a bigger hydrophilic channel size doesn’t necessarily mean a better conductivity. 

Based on the channel size observed for the membrane with the highest conductivity, the optimal 

channel size may be ~11 nm for this system. In addition to higher conductivity, the grafted PEG 
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chains also made the membranes more mechanically robust by increasing the elongation at break 

from 250% to the limit of the instrument (~500%). The membranes demonstrated excellent 

stability in 2.5 M KOH at 60ºC for 3000 h, though some swelling was observed. 

Jeon et al. used Friedel-Crafts bromoalkylation followed by a Menshutkin reaction with 

trimethylamine to synthesize SEBS functionalized with trimethylammonium with a range in linker 

lengths.762 Membranes with a 3, 4, or 5 carbon linker to the cationic group (SEBS-3-0.5, SEBS2-

4-0.5, and SEBS2-5-0.5, respectively) with IECs 1.09-1.12 exhibited nearly identical WUs, 

degrees of swelling and conductivities regardless of linker length, with the exception that at 80 ºC 

SEBS2-5-0.5 experienced mechanical failure. The higher IEC variants, SEBS-3-TMA-0.8, 

SEBS2-4-0.8, and SEBS2-5-0.8, demonstrated similar WUs and degrees of swelling but the 

hydroxide conductivity decreased as a function of increasing linker length. Other reports have 

suggested that longer linker length should induce higher microphase separation and thus provide 

higher conductivity, but this improved ordering was not observed in these materials. SAXS 

patterns showed that unfunctionalized SEBS exhibited a hexagonally packed cylinder 

morphology. Upon functionalization, the morphology changed and SEBS2-5-0.8 displayed a 

lamellar structure that is less well defined. The authors used cross-linking strategies to compensate 

for the poor mechanical properties of the SEBS membranes and found that with increasing cross-

link density, there was a decrease in the inter-domain spacing of the membranes. These cross-

linked membranes demonstrated much lower WUs but retained the hydroxide conductivity of the 

linear version. Additionally, the membrane was now mechanically stable enough to measure 

hydroxide conductivity at 80 ºC. An MEA using SEBS2-5-XL, the membrane with the highest 

cross-link density, achieved a PPD of 0.52 W/cm2, which is a great MEA performance for these 

materials. 

A pentablock-copolymer very similar in structure to SEBS was brominated and subsequently 

quaternized with trimethylamine by Liberatore and coworkers to produce SEBS3,812 which is 

shown in Figure 48. TEM revealed an ordered microphase-separated morphology, and SAXS 

peaks suggest that there is a well-ordered hexagonally packed cylinder structure, similar to the 

observed morphology for SEBS. The observed morphology was credited with allowing for a 

bromide conductivity of 31 mS/cm at 60 ºC and 57 mS/cm at 90 ºC, which is comparable to 

hydroxide conductivities achieved by some other SEBS membranes. As bromide conductivity 

Page 235 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



235

should theoretically translate to even higher hydroxide conductivities, this study demonstrates how 

multiblock copolymer architectures can induce the phase-separation needed to boost conductivity. 

 

Conclusion-Polystyrene

PS-based membranes have largely demonstrated moderate conductivities and low PPDs, but 

synthetic strategies such as the formation of IPNs and hyperbranched polymers have produced 

some high-performance materials. Simply substituting commercial PS without incorporating other 

polymer architectures through blending or copolymerization typically leads to membranes with 

poor mechanical properties and thus nullifies some of the benefits of PS as a polymer backbone. 

Commercially available SEBS-based membranes have, for the most part, outperformed PS 

membranes in terms of mechanical durability as well as in conductivity, likely owing to the 

microphase separation that is more efficiently induced by the multiblock copolymer architecture 

present in SEBS. Overall, it has been shown that there are a variety of strategies that can be used 

to make PS viable for use in AEMs, but other, more flexible polymer motifs should be pursued. 

Additionally, PS still contains phenyl groups that can adsorb onto electrocatalysts in MEAs which 

can lead to loss of performance, making aromatic-free polymer backbones an attractive 

alternative.798

Table 7. Polystyrene membrane properties and performances.

Entry Name

IEC 

theo(exp)

(meq/g)

WUa 

(wt %)

Dimensional 

Changea

(L%)

Hydroxide 

Conductivity 

(mS/cm)

PPD (W/cm2) 

(Current Density 

(A/cm2))

Ref.

1 PS1-BTMA 1.34 2 6 18.9 at 22 ºC 0.02 (0.082) 757

2 PS1-MeIm 0.48 3 < 1 11.6 at 22 ºC 0.003 757

3 PS2-BuIm 1.02 (0.93) 64 21
10.3 at 30 ºC 

15.3 at 60 ºC
NA 758

4 PS2-iPrIm 1.02 (0.97) 68 24
10.9 at 30 ºC 

15.8 at 60 ºC
NA 758

5 PS2-BTMA 1.02 (0.94) 65 23
10.2 at 30 ºC 

15.5 at 60 ºC
NA 758
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6 PS2-MeIm 1.52 (1.61) 63 32
14.1 at 30 ºC 

25.9 at 60 ºC
NA 767

7 PS2-MeIm 1.15 (1.22) 50 28
13.0 at 30 ºC 

19.9 at 60 ºC
NA 767

8 PS2-DiBuIm 1.39 (1.22) 82 35
16.6 at 30 ºC 

23.1 at 60 ºC
NA 769

9 PS-DiBuIm 0.93 (0.87) 54 25
15.4 at 30 ºC 

21.9 at 60 ºC
NA 769

10 PS4-Me 1.26 85 NA 64 at 80 ºC NA 752

11 PS4-Pyr 1.23 70 NA 52 at 80 ºC NA 752

12 PS4-Pip 1.22 53 NA 37 at 80 ºC NA 752

13 PS3 1.62 79 18
89.3 at 22 ºC 

202.8 at 80 ºC
1.20 807

14 HB-PVBC 2.36 <45 <16 39.6 (123.0) NA 808

15
HB-PVBC-XL-

2
~2.70 16 6

20.1 at 30 ºC 

41.2 at 80 ºC
0.08 809

16
HB-PVBC-XL-

6
~2.70 40 5

27.2 at 30 ºC 

47.9 at 80 ºC
0.01 (0.19) 809

17
HB-PVBC-XL-

10
~2.70 109 11

41.8 at 30 ºC 

61.8 at 80 ºC
NA 809

18 PS5-MP 1.92 (1.52) 72 19 25.8 at 22 ºC NA 765

19 PS5-SP 1.50 (1.35) 46 18 23.5 at 22 ºC 0.13 (0.21) 765

20 PS5-SP 1.76 (1.75) 88 22 31.6 at 22 ºC n.d. 765

21 SEBS1-BTMA 2.41 (2.19) 211 NA
45 at 30 ºC 

102 at 80 ºC
0.22 810

22 SEBS1- 2.01 (1.91) 236 NA 28 at 30 ºC NA 810
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BDMHA 34 at 60 ºC

23 SEBS1-TMHA 2.01 (1.95) 194 NA
39 at 30 ºC 

59 at 60 ºC
NA 810

24 SEBS2-5-0.8 1.55 155 26
23 at 30 ºC 

41 at 60 ºC
NA 762

25 SEBS2-5-XL 1.50 28 10
29 at 30 ºC 

41 at 60 ºC
0.52 762

26 SEBS4 0.75 6 10 29.2 at 80 ºC NA 811

27 SEBS4-PEG 0.42 4 4 51.9 at 80 ºC NA 811

28 SEBS3 1.7 (0.94) 22 NA 31b at 60 ºC NA 812

a: measured at room temperature unless otherwise specified b: bromide conductivity 

6.2.3 Polyethylene (PE) Backbones

Polyethylene (PE) backbones are a common choice in the AEM community due to their all-

aliphatic hydrocarbon structure, mechanical versatility, and ease of synthesis. Unfunctionalized 

PE is a semicrystalline polymer with a Tg of -78 ºC and a Tm of approximately 110-140 ºC. These 

thermal transitions in PE, coupled with its high thermal stability, enable processing via commercial 

methods such as melt pressing making it an attractive candidate for AEM industrialization. 

6.2.3.1 Alkene Insertion Polymerization
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Figure 49. Naming scheme and structures for polyethylene-based AEMs prepared by alkene 

insertion polymerization and anionic polymerization (PE 6). The counterions are omitted for 

clarity.

A variety of functional PE monomers have been synthesized to fabricate AEMs with alkaline-

stable cations suitable for implementation into MEAs. Alkene insertion polymerization is a 

common methodology to synthesize functional PE scaffolds and is amenable to a range of olefins 

that allow for post-polymerization modification. Hickner and coworkers demonstrated the utility 

of this methodology to produce AEMs that contain single or multiple cations as in a single pendent 

group.813 Using a monomer bearing long chain alkyl bromides and a phenyl-substituted 

comonomer, polymers were formed in a single step and were subsequently solution cast into 

membranes. Functionalization by post polymerization Menshutkin reactions on the alkyl bromide 

were carried out with the appropriate tertiary amine to afford AEMs (PE1). Polymers with up to 

30 mol% of cationic side chain were produced where the higher incorporations of cation led to 

significant swelling in water (237 wt%) and higher hydroxide conductivities (~ 34 mS/cm at 22ºC). 

Therefore, the authors chose to continue studies on polymers containing 20 mol% of cation which 

possessed lower swelling (127 wt%), slightly lower hydroxide conductivity (25 mS/cm at 22ºC) 
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and modest performance (PPD = 0.14 W/cm2). In a follow up, replacement of the methyl group on 

the phenyl substituent with a fluorine atom afforded PE3 with decreased WU (109 wt%), similar 

hydroxide conductivities (23 mS/cm at 22ºC), and an enhanced MEA performance (1.01 W/cm2) 

at the same IEC.814

In an effort to increase the ionic content, polymers were synthesized bearing three cations on a 

single side chain. PE2 containing 20 mol% of a triple cation side chain with more than double the 

IEC of the single cation analogue possessed a high hydroxide conductivity (66 mS/cm at 22ºC and 

201 mS/cm at 80 ºC) with a large increase in swelling (WU = 193 wt%). However, polymers with 

three cation side chains performed well in MEA tests with a PPD of 0.94 W/cm2 due primarily to 

the enhanced hydroxide transport enabled by increasing the cation density in the polymer 

membrane. 

Li and coworkers utilized insertion polymerization to prepare polypropylene and functionalized 

polyethylene copolymers (PE4).815 In PE4 the cation was spaced away from the polymer backbone 

which can help mitigate excessive WU and provide accessibility of the cation for hydroxide 

transport. PE4 showed modest conductivity of 17 mS/cm at 22 ºC with low swelling and high 

alkaline stability over 700 h. Polymers with similar cation content were also synthesized with a 

tethered crosslinker to enhance the mechanical properties. However, the best candidate chosen for 

fuel cell testing was the uncross-linked derivative containing 20 mol% cation in the polymer 

structure. This AEM demonstrated a PPD of 0.122 W/cm2 demonstrating a high performance at 

the time of publication over other systems. 

In a follow up report, Li utilized a similar system but replaced the methyl group on the 

comonomer with an isopropyl group to facilitate lower swelling without the need for cross-linking 

(PE5).816 PE5 demonstrated low WU and dimensional swelling as well as high thermal and alkaline 

stability. Hydroxide conductivity was relatively high with 43 mS/cm at 22 ºC, however, these ex-

situ properties did not carry over in fuel cell performance with their best candidate only showing 

a PPD of 0.037 W/cm2. In both of these systems there is a large discrepancy in the measured and 

theoretical IECs which could be an indication of incomplete hydroxide exchange. This is a function 

of the hydration of the polymer and is important to note that lower swelling does not necessarily 

correlate to higher conductivity or better performance. 

6.2.3.2 Ring-Opening Metathesis Polymerization
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Figure 50. Naming scheme and structures for polyethylene-based AEMs prepared by ring-opening 

metathesis polymerization (ROMP). The counterions are omitted for clarity.

While insertion polymerization is an attractive method to produce PE-based AEMs, functional 

PE derivatives can also be readily prepared by ring-opening metathesis polymerization (ROMP). 

Typically, cis or trans-cyclooctene (COE) derivatives are polymerized followed by catalytic 

hydrogenation to yield cation functionalized PE (Scheme 8). ROMP of COE derivatives presents 

several advantages over insertion polymerization such as: functional group tolerance allowing for 

direct polymerization of cations, living polymerization to produce block copolymers, and fast 

polymerization kinetics. ROMP of certain monomers is living which further enables tuning of the 

resulting polymer morphologically which can lead to enhanced performance due to the formation 

of phase separated domains that can facilitate hydroxide transport. The resulting unsaturation in 

the backbone after ROMP is also a useful handle for post-polymerization cross-linking reactions 

to increase the mechanical stability and mitigate excessive swelling and WU leading to better 

membrane performance. 
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Scheme 8. Ring-opening metathesis polymerization to form (A) functionalized PE statistical 

copolymers and (B) functionalized PE block copolymers.

Synthesis of PE AEMs by ROMP necessitates the derivatization of COE. This can be 

accomplished by building the functionality into the ring structure, affording cationic moieties in 

the polymer backbone or appending the cation functionality to the ring structure, and therefore to 

the polymer backbone. Coates and coworkers demonstrated both of these functionalization 

methodologies in the investigation of imidazolium-based cations for AEMs.772 Two generations 

of COE monomers were developed, one with the imidazolium functionality pendent (Generation 

1) and one where the imidazolium was built onto the cyclooctene ring structure (Generation 2) as 

shown in Figure 51.

N N
nBu

Ph

RR

n

Ar

Et EtN N

n

Generation 1 Generation 2

Figure 51. Structure of Generation 1 (pendent) and Generation 2 (backbone) imidazolium-based 

polymers as outlined in ref. 771. Copyright 2015 American Chemistry Society. 

Imidazoliums were synthesized by a one-pot, proline catalyzed, cycloaddition reaction of an 

aldehyde (C2 position), a diketone (C4 and C5 positions), and an amine. COE-methylamine was 

used to synthesize the Gen. 1 COE monomer, placing the imidazolium group pendent to the 
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backbone whereas the Gen. 2 COE monomer was synthesized from COE dione to fuse the 

imidazolium to the COE unit. The COE imidazole monomers were further converted to the 

imidazolium cations by simple alkylation with either ethyl or butyl iodide. ROMP of the Gen. 1 

monomers proceeded smoothly but resulted in polymers lacking sufficient WU to produce 

hydroxide conducting films after hydrogenation. To reduce the hydrophobicity of the polymer, 

Gen. 2 monomers were implemented and surprisingly afforded oligomeric macrocycles (PE7) 

instead of linear polymers due to the moderate ring strain and planar structure of the second-

generation monomers (Table 8, entry 6). However, upon cross-linking PE7 via a reactive casting 

process followed by hydrogenation, membranes with WUs of 94% with low dimensional swelling 

were obtained (Table 8, entry 7). The in-plane hydroxide conductivities of cross-linked PE7 were 

37 mS/cm and 59 mS/cm at 22 ºC and 80 ºC, respectively. 

In a follow up to this report, linear polymer analogues of the Gen. 2 monomers were synthesized 

through the living ROMP of trans-COE derivatives forming random (PE8) and deblock (PE9) 

copolymer PE-based membranes (Table 8, entries 8-10).744 At lower ion exchange capacities (~ 

1.0 meq/g), PE8 possessed high hydroxide conductivity of 83 mS/cm at 80 ºC and a WU of 67% 

with low dimensional swelling. The conductivity of PE9 was markedly lower (28 mS/cm at 80 ºC) 

which is most likely the result of a low WU of 28%. Upon increasing the cationic content of PE8 

(IEC ~1.6-1.9 meq/g), the polymer lost mechanical integrity at 80 ºC due to excessive swelling. 

However, when cross-linking was used to mediate WU and strengthen the polymer, a hydroxide 

conductivity of 134 mS/cm was achieved at 80 ºC. TEM revealed the presence of disordered ionic 

aggregates in PE9 while PE8 had a relatively homogeneous morphology. Ionic aggregation could, 

in part, lead to reduced hydroxide conductivity by the formation of local hydroxide traps that would 

impede transport through the membrane. Other reports from the Coates group have demonstrated 

other cation choices for AEMs on polyethylene backbones enabled by the synthesis of 

functionalized cyclooctene. For example, tetrakisaminophosphonium-functionalized cyclooctene 

was prepared by a Staudinger reaction on azido cyclooctene followed by reaction of the 

iminophosphorane with cyclohexylmethylamine.743 The phosphonium functionalized monomer 

was subsequently polymerized by ROMP with cyclooctene as a comonomer. The resulting 

polymer, PE10, showed a relatively low hydroxide conductivity of 21 mS/cm at 80 ºC with a WU 

of 52% and IEC of only 0.67 mmol/g. However, the phosphonium moiety showed excellent 
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alkaline stability with almost no loss in conductivity over 140 days in 15 M KOH carving a path 

forward for novel cations for AEMFCs.

Another example of ROMP-based PE scaffolds was shown by Zhu et al. where PE AEMs were 

produced by ROMP copolymerization of COE with a cobaltocenium-functionalized COE enabled 

by Cu-catalyzed click chemistry followed by chemical hydrogenation with tosyl hydrazide 

(PE12).817 PE12 incorporating 40 and 50 mol% of ionic monomer were produced, and PE12 with 

50 mol% cation showed the highest conductivity and WU at both 22ºC and 80 ºC (20 mS/cm at 

22ºC And 90 mS/cm at 80 ºC). The increased WU led to poorer mechanical properties (EaB = 

120% vs. 153% for 40 mol%). Nonetheless, polymer conductivity was held stable in 1 M NaOH 

at 80 ºC over 35 days showing the stability of novel metallocene-based AEMs. 

While high hydroxide conductivities and stabilities have been achieved, synthesis for these 

COE-derivative monomers can range from five to eight steps with low overall yields. However, 

there are some recent examples of improved syntheses of COE derivatives ideal for 

implementation in AEMs. Piperidinium-functionalized COE monomers with a range of alkyl 

substituents were synthesized by hydroamination followed by alkylation in a one-pot, two step 

synthesis.818 All of the membranes synthesized from the ROMP and subsequent hydrogenation of 

these monomers (PE11) demonstrated low degrees of swelling (<10%), moderate conductivities 

between 15 mS/cm and 53 mS/cm at 22 ºC, and a range of WUs 22% to 92%, depending on the 

alkyl substituent and cation incorporation. The membrane with the highest stability retained 80% 

of its conductivity after 720 h in 1 M KOH, despite model compound cation studies showing that 

the cationic moiety has high alkaline stability. In model oligomer NMR studies, Hoffman 

elimination was observed on the beta-hydrogens in the polymer backbone. This finding explains 

the discrepancy between model compound membrane stability and further demonstrates the effects 

of backbone-tethered cations on membrane performance. 

6.2.3.3 Radiation Grafting
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Figure 52. Naming scheme and structures for polyethylene-based AEMs prepared by radiation 

grafting. The counterions are omitted for clarity.

Commercially available PE homopolymers (e.g., low or high density PE (LDPE or HDPE)) and 

copolymers can be functionalized post-polymerization to form robust membranes for use in AEMs. 

Varcoe and coworkers utilized a radiation grafting method to produce functional PE bearing 

cationic moieties as AEMs (Figure 52).819 Radiation grafting with an electron beam in air produced 

peroxy groups on the polyethylene backbone, which could then be used to initiate radical 

polymerization of vinylbenzylchloride. The grafted PS chains were then converted to the 

trimethylammonium cations by immersion in trimethylamine to afford PE14. Varcoe’s reports 

highlight the utility of this approach and how both the polymer backbone and pendant cation 

influences MEA performance. In an effort to recreate the chemical motif found in Nafion, 

ethylene-tetrafluoroethylene copolymers were functionalized with poly(vinylbenzyl 

trimethylammonium) units to produce PE15 with chloride conductivities approaching 70 mS/cm 

with moderate WU values between 50-70% at an IEC ~ 2.0.820 While the mechanical properties 

suffered due to cation functionalization, the performance in MEAs showed PPD values upwards 

of 1.2 W/cm2.577,820 Replacing the grafted benzyltrimethylammonium units with 

benzylmethylpyrrolidinium cations produced similar results.821 However, the authors found that 

enhanced alkaline stability is obtained with longer alkyl spacers; as attachment of the cation at the 

benzylic position led to 27% loss in IEC and attachment through a butyl group gave a 13% loss 

after 28 days in 1 M KOH at 80 ºC. Interestingly, removing the fluorinated portion of the polymer 

produced enhanced membrane properties and performance. Radiation grafted LDPE and HDPE 

showed an increase in WU versus radiation grafted poly(ethylene-co-tetrafluoroethylene) (ETFE) 
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due to the lack of the fluorinated backbone. However, the PPD drastically increased to 2.55 W/cm2. 

LDPE displayed lower lifetime stability than HDPE in an MEA configuration with failure of the 

LDPE scaffold observed after 100 h, whereas HDPE remained stable over 450 h. 

Utilizing a similar synthesis to Varcoe, Maekawa and coworkers used radiation grafting on 

ETFE to append di-n-propylimidazolium functionalized polystyrene to afford PE16.822 These 

polymers showed very promising ex-situ properties with their best performing polymer showing a 

conductivity of 181 mS/cm at 60 ºC with 80% WU largely owing to the hydrophobic ETFE 

backbone. They thoroughly investigated PE16 using small-angle neutron scattering (SANS) and 

found two IEC dependent morphological regimes. At lower IECs (< 0.8 mmol/g), ‘reverse-micelle’ 

structures composed of hydrated hydrophilic domains in a matrix of hydrophobic polymer is 

prevalent. At higher IECs (> 0.8 mmol/g), the opposite phenomena is observed with hydrophobic 

domains suspended in a matrix of hydrophilic majority phase. SANS depicted that the micellular 

structures were well-connected and formed a percolating network throughout the polymer 

membrane. These features correlate well with observations that at lower IECs the polymer remains 

alkaline stable, but when the morphology inverts (at higher IECs), rapid degradation of the ionic 

moieties is observed owing to the higher hydroxide concentrations when the cationic group is 

exposed. Therefore, a polymer with lower IEC was chosen for incorporation into a hydrazine 

hydrate fuel cell that resulted in a peak power density of 0.08 W/cm2 with non-Pt-group metal 

(PGM) Ni-based anode and Co-Fe cathode. 

6.2.3.4 Other Methods

Other methods to incorporate polyethylene into functional copolymers have been utilized to obtain 

AEMs with a distinct emphasis on morphology. Knauss and coworkers carried out anionic 

polymerization of butadiene and 4-methylstyrene followed by post-functionalization to afford 

BTMA block copolymers (PE6).823 These block copolymers showed bicontinuous structures due 

to phase segregation of the hydrophilic and hydrophobic domains which is thought to aid in 

hydroxide transport. The best performing polymer showed a hydroxide conductivity of 73 mS/cm 

at 60 ºC and a low WU of 37%. All polymers synthesized showed high elongation at break and 

mechanical rigidity.

Recently Herring and coworkers demonstrated an ABA triblock copolymer with 

poly(chloromethylstyrene) as the flanking blocks and a polyethylene midblock with the polyolefin 
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midblock providing enhanced mechanical properties.824 The flanking blocks were substituted with 

either N-methylpiperidine or trimethylamine to afford PE13. SAXS and TEM analysis showed a 

cylindrical morphology for many of the synthesized membranes with domain spacings ranging 

from 18-29 nm. The best performing membrane, a piperidinium functionalized polymer, showed 

high hydroxide conductivity of 179 mS/cm at 80 ºC with a WU of 94% and relatively low 

dimensional swelling (~17%). PE13 showed excellent mechanical properties with a stress at break 

of 26 MPa and Young’s modulus of 21 MPa for the hydrated membranes. However, the alkaline 

stability of these membranes was quite low with only 50% of the original IEC remaining after one 

week in 9 M KOH at 22ºC. Nonetheless, this report highlights the importance of morphology and 

choice of cation when designing materials for AEMFCs.

6.2.3.5 Conclusion-Polyethylene

AEMs with PE backbones are currently at the forefront of performance AEMs due to rapid, 

efficient, and precise polymerization and the resulting robust mechanical properties. However, 

there are critical design strategies that should be considered for future development. While the 

Coates group has made strides in the derivatization of COE to form functional PE AEMs, more 

efficient and high-yielding synthetic strategies to anchor a diverse set of cations is necessary to 

fully realize the potential of PE backbones. Varcoe demonstrated that graft copolymers on 

commercially available PE provide highly conductive membranes with outstanding efficiency in 

MEAs. As such, other polymer architectures such as branched, bottlebrush, stars, as well as 

multiblock variants should be investigated to understand the role of polymer architecture in ion 

conductivity. Finally, solution processability has always plagued functional PE membranes but is 

crucial for the high-throughput fabrication of membranes for AEMFCs.

Table 8. Polyethylene membrane properties and performances.

Entry Name
IEC theo(exp)

(meq/g)
WUa (wt %)

Dimensional 

Changea

(L%)

Hydroxide 

Conductivity 

(mS/cm)

PPD 

(W/cm2) 

(Current 

Density 

(A/cm2))

Ref.
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1 PE1 1.23 (1.15) 129 32
25 at 22 ºC

~70 at 80 ºC
0.14 813

2 PE2 2.76 (2.41) 193 41
70 at 22 ºC 

201 at 80 ºC
0.94 813

3 PE3 1.21 (1.12) 109 26
23 at 22 ºC

 91 at 80 ºC
1.01 814

4 PE4 2.57 (1.56) 34 8 17 at 22 ºC 0.122 815

5 PE5 2.84 (1.92) 29 9 43.2 at 22 ºC 0.037 816

6 PE7 1.32 70 17
29 at 22 ºC

43 at 50 ºC
NA 772

7 PE7 (XL)b 1.37 94 17
37 at 22 ºC 

59 at 50 ºC
NA 772

8 PE8 1.88 (1.87) 257 46
28 at 22 ºC 

83 at 80 ºC
NA 744

9 PE9 1.10 (1.03) 28 10
5 at 22 ºC 

11 at 80 ºC
NA 744

10 PE8 (XL)b 1.69 (1.60) 115 17
49 at 22 ºC 

134 at 80 ºC
NA 744

11 PE10 0.69 52 NA 22 at 22 ºC NA 743

12 PE12 2.02 (1.86)
38 at 22 ºC

175 at 80 ºC
6

20 at 22 ºC

90 at 90 ºC
NA 817

13 PE11 1.31 26 7 35 at 22 ºC NA 818

14
PE14 

(LDPE)
(2.54) 149 27c 

100 at 22 ºC 

208 at 80 ºC
2.01 819

16
PE14 

(HDPE)

(2.44)
155 38c 

121 at 22 ºC 

214 at 22 ºC
2.55 819
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15 PE15 (2.01) 53 28c 60d at 22 ºC 1.16
577,

820

17 PE16 1.15 (0.95) 42 NA
56 at 22 ºC

97 at 60 ºC
0.080e 822

18 PE16 2.30 (1.92) 37 NA 73 at 60 ºC NA 823

19 PE13 2.1 (1.66) 94 16.5 179 at 80 ºC NA 824

a: measured at room temperature unless otherwise specified, b: XL = cross-linked, c: through plane swelling, d: 

chloride conductivity, e: hydrazine hydrate fuel cell.

6.2.4 Polynorbornene (PNB) Backbones

PNB backbones have gained interest in the AEM community due to the availability of various 

functional derivatives and the ease of polymer preparation. Norbornene possesses a high ring strain 

because of its bicyclic structure which facilitates straightforward, fast, and efficient polymerization 

by ROMP (Figure 53A). PNB prepared by ROMP (rPNB) has a low Tg range (30–70 ºC) and is 

soluble in a wide array of hydrocarbon solvents. Once hydrogenated, rPNB is semicrystalline and 

possesses higher operating temperatures allowing for applications in AEMs. 

R

ROMP

Vinyl Addition
Polymerization

Cationic/Radical
Polymerization

n

R

R

n

n R

A

B

C

Figure 53. Polymerization methodologies for norbornene monomers by A) ROMP, B) vinyl 

addition polymerization, and C) cationic or radical polymerization.

Norbornene has alternatively been polymerized via metal catalyzed vinyl addition 

polymerization (vaPNB) to afford polymers maintaining the bicyclic structure in the purely 
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hydrocarbon backbone (Figure 53B). This structural motif yields amorphous polymers with 

enhanced thermal properties (Tg >300 ºC) while retaining solution processability in conventional 

organic solvents. Recent progress in vinyl addition polymerization of norbornene has led to the 

ability to form well-defined polymers by living polymerization using a palladium catalyst.825-827 

Furthermore, vaPNB forms high-quality, flexible, and transparent membranes ideal for 

implementation in fuel cells. Other methods such as radical or cationic polymerization have been 

used to synthesize PNB (Figure 53C) but give polymers with poor yield, residual olefins, and 

inconsistent structure resulting in a mixture of backbone identity and have not been thoroughly 

investigated in the context of functional derivatives.828

6.2.4.1 ROMP Polynorbornene (rPNB) Backbones
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.

Figure 54. Naming scheme and structures for polynorbornene-based AEMs prepared by ROMP 

(rPNB). The counterions are omitted for clarity.

Cationic ROMP polynorbornene (rPNB)-based AEMs have rapidly developed due to their ease 

of synthesis and functionalization. Coates and coworkers demonstrated a straightforward synthesis 

of poly(norbornenes) bearing trimethylammonium moieties with a methyl group in the beta 

position to prevent degradation by Hofmann elimination.785 Polymer films were prepared by 

reactive casting with dicyclopentadiene to afford cross-linked and mechanically robust 

rPNB1membranes. At relatively low measured IECs (1.0-1.1), the hydroxide conductivity was 
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modest at 18 mS/cm at 22ºC and 28 mS/cm at 50 ºC. A discrepancy in theoretical and measured 

IEC is potentially a product of low swelling in water or methanol leading to inefficient hydroxide 

exchange. Nonetheless, rPNB1 resulted in reasonably high in-plane conductivity, low swelling, 

and favorable mechanical properties with only 7% strain at 16 MPa of applied stress.

More recently, Wang et al. developed novel norbornene-based monomers that contain both a 

cyclic pyrrolidinium and a trimethylammonium cation in the same unit.829 Furthermore, a 

difunctional norbornene cross-linker containing two ammonium groups was incorporated to 

improve mechanical properties and contribute to the overall ion content to increase conductivity. 

rPNB2 was prepared by reactive casting to afford cross-linked polymer films with high IECs (2.46-

2.89). With such high ion content, membranes with an IEC of 2.89 achieved hydroxide 

conductivities of 65 mS/cm at 22ºC and 140 mS/cm at 85 ºC. With approximately 26% cross-

linker content, rPNB2 membranes demonstrated low swelling in water (~ 31% at 25 ºC and 43% 

at 60 ºC) while maintaining high hydroxide conductivities. The tensile modulus for the best 

performing membrane approached 15 MPa - roughly half the value observed for Nafion 117. When 

applied in a single-cell fuel cell, a peak power density of 0.15 W/cm2 was achieved at a current 

density of 350 mA/cm2.

Beyer and coworkers synthesized a trimethylammonium norbornene derivative in an attempt to 

address the primary design motifs for AEMFC polymers.830 These motifs include: 1) a semi-

crystalline hydrogenated rPNB backbone to enhance mechanical integrity vs. the amorphous 

unsaturated polymer, 2) ether linkages pendent to the polymer backbone to facilitate WU, and 3) 

two methyl groups at the beta-position relative to the trimethylammonium moiety to prevent 

Hofmann elimination. Two different compositions of rPNB3 were synthesized with theoretical 

IECs of 1.0 and 1.25. The polymer with the higher IEC demonstrated outstanding transport 

properties with hydroxide conductivity reaching 177 mS/cm while curbing excessive swelling 

(WU = 82%). SAXS of the polymers showed a disordered but phase separated morphology on the 

scale of 10-20 nm suggesting the presence of ionomeric aggregates that tend to be found in 

hydrocarbon-based AEMs. Despite beneficial conductivity and WU, rPNB3 suffered from low 

mechanical properties (tensile modulus = 5.5 MPa) and alkaline degradation. They ascribed the 

loss of mechanical properties to the lack of crystallinity which is potentially due to long pendent 

groups suppressing crystalline domain formation. Additionally, a roughly 50% loss in conductivity 

was observed over 239 h in 0.1 M NaOH at 90 ºC despite designing a monomer to prevent 
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Hofmann degradation. The authors speculated that the primary cause of degradation was the 

difference in hydroxide concentration when measuring a polymer film versus a small molecule. 

They rationalized that in a polymer membrane, the lack of swelling and capacity to solvate ions 

leads to an increase in effective hydroxide concentration leading to an increase in the reactivity of 

the hydroxide ion.

Chen and coworkers also utilized ROMP to directly prepare copolymers with imidazolium 

moieties as the cation and a glycidyl ether functionality to cross-link.831 The resulting rPNB4 

membranes presented with high thermal stability, relatively high hydroxide conductivities (90 

mS/cm at 80 ºC), and ideal WU (61 % at 60 ºC). As described in the previous sections, imidazolium 

cations can undergo degradation in base and, as a result, the authors saw a 25% decrease in 

hydroxide conductivity over 10 days suggesting lower alkaline stability for these polymers. 

Moreover, the single cell performance was lacking, only reaching a PPD of 0.12 W/cm2 using Pt/C 

catalysts.

Post-polymerization functionalization is an alternative way to fabricate membranes and 

circumvents issues associated with solubility and film formation which can be a challenge for 

cationic polymers. Kohl and coworkers adopted this strategy for norbornene polymers formed by 

ROMP.782 Diblock copolymers of bromopropyl norbornene and butylnorbornene, and a 

homopolymer of bromopropyl norbornene were synthesized by ROMP. The resulting polymers 

were cross-linked by post-polymerization reactive casting using TMHDA followed by immersion 

of the films in aqueous trimethylamine to further transform any unreacted bromide to ammonium 

groups. The resulting rPNB5 membranes possessed very high IECs ranging from 2.31 to 4.73 and 

retained mechanical integrity in water. However, it was noted that the cationic homopolymers were 

brittle and they were unable to obtain swelling ratios. A number of cross-linker compositions were 

tested from 10%-45% to elucidate the optimal membrane properties in terms of swelling and 

conductivity. It was reported that for all the polymers studied, there is an optimal crosslinker 

concentration (~20 mol%). Higher concentrations result in lower hydroxide conductivities. 

Swelling in water ranged from 57%-224% with hydroxide conductivities reaching up to 99 mS/cm 

at 25 ºC and 195 mS/cm at 80 ºC, one of the highest hydroxide conductivities to date. All rPNB5 

polymers were thermally stable up to 200 ºC and displayed alkaline stability over 500 h as 

indicated by conductivity and Fourier-transformed infrared spectroscopy (FTIR) experiments. 

Three polymers were selected to be incorporated into MEAs based on conductivity, WU, and 
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mechanical properties, with the diblock copolymer containing 40 mol% cation and 35 mol% cross-

linker demonstrating the best performance of 0.17 W/cm2 at a current density of 0.4 mA/cm2. 

While more optimization is necessary in this system to achieve better performance, this study 

pushed the limits of polymer composition for AEMFCs and reiterated the concept of 

morphological control as another handle to synthesize high-performance membranes. 

Much of the literature has been dominated by the use of tetraalkylammonium-based polymers 

for AEMFCs due to their high hydroxide conductivity and synthetic ease. However, as shown 

earlier in this manuscript, ammonium stability is convoluted and while some studies show alkaline 

stability, others show significant decomposition. Other cations such as phosphoniums have shown 

great promise in terms of alkaline stability but have yet to yield conductivities that rival ammonium 

functionalities. A few studies have begun to investigate phosphonium incorporation into polymer 

scaffolds to address alkaline stability and attempt to increase the hydroxide conductivity. Noonan 

and coworkers recently described the incorporation of the alkaline-stable 

tetrakisdialkylaminophosphonium cations in a ROMP polynorbornene scaffold.777 Using a two-

step, one-pot synthesis, variants of the phosphonium cation were prepared by choice of secondary 

amine, namely isopropylmethyl (IPrMe) and cyclohexylmethyl (CyMe) phosphonium. These 

precursors were easily converted to norbornene monomers by simple SN2 substitution to afford 

monomers amenable to ROMP (Table 9, entries 6 and 7). Initially, random copolymers and diblock 

copolymers were synthesized by direct polymerization of the phosphonium functionalized 

monomers to afford rPNB6 and rPNB7 with high molecular weight (~80-100 kDa) and low 

dispersity. While the random copolymers of both CyMe (rPNB6) and IPrMe (rPNB7) were easily 

cast into ductile membranes, diblock copolymers were found to be brittle and fell apart upon 

hydration. In an effort to utilize the living nature of ROMP, ABA triblock copolymers were 

synthesized but these too mechanically failed upon casting membranes. The polymers displayed 

little-to-no crystallinity which seems to originate from the identity of the phosphonium with the 

CyMe cation completely suppressing crystallinity and IPrMe showing very little crystallinity 

versus a homopolymer of polynorbornene. IPrMe-based polymers displayed the best membrane 

properties with hydroxide conductivities of 27 mS/cm at 25 ºC and 43 mS/cm at 80 ºC with a WU 

of 86%. These polymers demonstrate a first step into non-ammonium based AEMFCs that are 

alkaline stable. With further study of polymer backbone structure, morphology, and other 

phosphonium derivatives, a competitive phosphonium AEMFC can be realized. 
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Other metal-based cationic polymers have been used as AEMs that are amenable to direct 

polymerization by ROMP. Tew and coworkers synthesized cross-linked AEMs bearing 

bisterpyridine-ligated metal cations by reactive casting of a difunctional metal-based monomer 

with norbornene, dicyclopentadiene, and a bis(oligo-ethyleneglycol)norbornene.832 The identity of 

the metal cation was varied (Ru, Ni, and Co) and the resultant membranes showed quite low 

conductivity, which is most likely a product of the immense swelling in water (ranging from 152-

193%). However, they proposed another viable reason for the low conductivity based on the 

thermodynamics of counterion release. Using isothermal titration calorimetry (ITC), they 

characterized the thermodynamics of counterion release of both metal-based cations and more 

conventional ammonium cations to fundamentally differentiate the transport behavior of cations 

based on their structure. By titrating model cations with NaHCO3 to exchange the counter ion from 

the chloride form and measure the enthalpy released during the exchange, a correlation between 

the cation identity and energy required to release the counterion was established. Their findings 

show the low enthalpy of exchange for ammonium cations (~200-350 cal/mol) while the metal-

based cations showed enthalpies ranging from 586-1120 cal/mol suggesting that ion transport is 

intrinsically limited based on the identity of the cation, which is relatively consistent with observed 

experimental data in the literature. Nonetheless, many factors should be considered beyond cation 

identity such as swelling, mechanical behavior, and synthetic ease to prepare AEM practical for 

implementation into AEMFCs.

6.2.4.2 Vinyl Addition Polynorbornene (vaPNB) Backbones
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Figure 55. Naming scheme and structures for poly(nobornene)-based AEMs prepared by vinyl-

addition polymerization (vaPNB). The counterions are omitted for clarity. 

An alternative to ROMP norbornene is the metal-catalyzed vinyl addition polymerization of 

norbornene (Figure 53B). This is typically accomplished with in situ generated cationic palladium 

or neutral nickel catalysts. Vinyl addition polymerization retains the bicyclic norbornene structure 

as the backbone of the polymer and as a result, affords amorphous polymers with much higher 

glass transition temperatures (> 300 ºC) and excellent film forming properties. Register and 

coworkers have shown polymerizations with palladium catalysts are living whereas nickel 

catalysts are highly active and afford high molecular weight polymers but lack living 
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characteristics.825 Very few examples of vinyl addition norbornene polymers have been shown in 

the context of AEMs but recent studies have demonstrated their viability in this field. 

Scheme 9. Synthesis of trimethylammonium functionalized tetrablock copolymer AEMs by vinyl 

addition polymerization of norbornene followed by post-polymerization modification. 

Reproduced with rights from ref. 787 Copyright 2019 Elsevier. 

Kohl and coworkers developed high-performance AEMs from vinyl addition polynorbornene 

functionalized with trimethylammonium (vaPNB1) (Table 9, entry 8). In a similar post-

polymerization functionalization strategy used in a prior report on ROMP norbornene systems, 

tetrablock copolymers of bromopropyl norbornene and butyl norbornene were prepared by living 

Pd-catalyzed vinyl addition polymerization followed by quaternization in trimethylamine (Scheme 

9).787 It is unclear why the authors chose to use tetrablock copolymers; however, the prevailing 

thought is that multiblock copolymers will phase segregate to form hydrophilic domains to 

facilitate hydroxide transport. Different compositions were synthesized to vary the IEC of the 

resulting membrane from 1.55 to 2.60. Owing to the increased mechanical properties of vinyl 

addition polynorbornenes, membranes were easily cast to form flexible films. The hydroxide 

conductivity of the best performing membrane containing 38 mol% cation content was 51 mS/cm 

at 25 ºC and 102 mS/cm at 80 ºC with moderate swelling in water of 78%. Furthermore, all 

membranes in the study were found to be stable in 1 M NaOH at 80 ºC over 1000 h. Using the 

same MEA conditions as the previously reported ROMP system, the best performing membrane 
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demonstrated a marked increase in PPD with 0.54 W/cm2. It is useful to note that a high Pt loading 

of 2.1 mg/cm2 was used, which is four times the amount (0.4 mg/cm2) typically used in present 

AEMFC applications.

In a follow up report to the tetrablock ammonium functionalized vaPNB, Kohl investigated the 

effects of cross-linking a selected composition (66 mol% cation) with a diamine by reactive casting 

(vaPNB2) (Table 9, entry 9).783 They found that increasing the cross-linker concentration had 

deleterious effects on hydroxide conductivity, potentially due to the exclusion of conductive 

pathways at high cross-linker compositions. Nonetheless, at 5 mol% cross-linker concentration a 

mechanically stable vaPNB2 membrane was formed with a hydroxide conductivity of 95 mS/cm 

at 25 ºC and 198 mS/cm at 80 ºC with optimal WU of 69%. The membrane demonstrated a PPD 

of 0.51 W/cm2 in the same MEA setup. The MEA performance of vaPNB2 was further improved 

by manipulating ionomer properties and optimizing electrode design, which is discussed in detail 

in Section 7, Figure 59G. 

6.2.4.3 Conclusion-Polynorbornenes

PNB scaffolds have shown promise for use as AEMs due to their advantageous properties such as 

facile film formation, high mechanical properties, and ease of polymerizations. Despite the high 

performance of PNB AEMs, more work is needed to further improve monomer derivatization and 

synthetic yields. Furthermore, vinyl addition polymerization suffers from functional group 

intolerance and more investigation into more robust catalysts that can maintain its living nature 

should be carried out.

Table 9. Polynorbornene membrane properties and performances.

Entry Name

IEC 

theo(exp)

(meq/g)

WUa (wt %)

Dimensional 

Changea

(L%)

Hydroxide 

Conductivity 

(mS/cm)

PPD 

(W/cm2) 

(Current 

Density 

(A/cm2))

Ref.

1
rPNB1 2.28 (1.4) < 10b n.d.

18 at 22 ºC

28 at 50 ºC
n.d. 785

2 rPNB2 (2.89) 32 at 25 ºC 12 at 25 ºC 65 at 22 ºC 0.15 (0.35) 829
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43 at 60 ºC 18 at 60 ºC 140 at 80 ºC

3 rPNB3
1.25 

(1.05)
82 n.d

~60 at 22 ºC

177 at 80 ºC
n.d. 830

4 rPNB4
1.19 

(1.01)

46 at 22 ºC

61 at 60 ºC

42 at 22 ºC

56 at 60 ºC

22 at 22 ºC

90 at 80 ºC
0.12 (0.25) 831

5 rPNB5 (2.2) 100 28
53 at 22 ºC

109 at 80 ºC
0.17 (0.40) 782

6 rPNB6 1.0 (0.99) 82 n.d. 19 at 22 ºC n.d 777

7 rPNB7 1.1 (0.78) 86 n.d.
27 at 22 ºC

43 at 80 ºC
n.d 777

8 vaPNB1 (2.21) 71 n.d.
50.9 at 22 ºC

101.9 at 80 ºC
0.54 (1.26) 787

9 vaPNB2 (3.43) 69 n.d.
95.2 at 22 ºC

198 at 80 ºC
0.51 (0.95) 783

a: measured at 22 ºC unless otherwise specified, b: measured in MeOH(aq). 

6.2.5 Conclusion-Membranes

Great advancements have been made in the synthesis of polymers for use as AEMs with MEAs 

exceeding PPDs of 1 W/cm2 and some that can operate stably for hundreds of hours at low or 

medium current density. The studies discussed herein have demonstrated the importance of 

polymer morphology, structure microphase separation, and water management for the promotion 

of hydroxide transport. Many design strategies have been implemented in order to induce favorable 

membrane properties including cross-linking, polymer blends, IPNs, and composite membranes. 

A variety of characterization techniques, such as S/TEM, SAXS and AFM, have served as useful 

tools to investigate the relationship between polymer morphology/structure and ordering on the 

resulting hydroxide transport. Overall, it has been shown that microphase separation into favorable 

structures (bicontinuous, cylindrical, lamellar) without excessive ion aggregation can promote the 

formation of ionic channels that better facilitate hydroxide transport. 
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To promote mechanically durable and stable membranes, aromatic groups should be avoided, 

as they tend to produce rigid films. Despite polyaromatic membranes showing stability under 

alkaline conditions, phenyl groups are susceptible to degradation through oxidation798 and can 

adsorb onto metal-based electrocatalysts, both of which cause performance loss.806 All-aliphatic 

polymers such as polyethylene and polynorbornenes are attractive alternatives for use in AEMs as 

they can produce mechanically tough membranes that are alkaline stable and more resistant to 

oxidation. Ultimately, a balance of high conductivity, mitigation of WU, mechanical durability, 

and functionalities that avoid unfavorable interactions with catalysts is needed. While we have 

shown many successful systems implemented in AEMFCs, more systematic studies that probe the 

effects underlying intrinsic conductivity and the dependence of polymer structure, morphology, 

and architecture on the ex situ and in situ membrane characteristics must be carried out to further 

the understanding of AEMs during MEA operating conditions (vide infra). 

6.3 Challenges for Membranes and Ionomers in Electrochemical Environment

As alkaline membrane and ionomer are polymer electrolytes for hydroxyl ions and water 

molecules transport, their conductivity and stability are usually of major concerns. Protocols have 

been developed on measuring the true OH- conductivity833 and quantitatively assessing the 

chemical stability745 of the membrane materials. However, the anion transport and the stability 

would be greatly influenced by the potential, carbonate formation, humidity, etc., during the 

operation of AEMFCs. The interaction between catalysts and ionomers also impacts the fuel cell 

performance. To resolve these challenges, fundamental studies on membrane/ionomer behaviors 

in electrochemical environment have been conducted. Especially, operando/in situ studies on 

anion/molecule dynamics and membrane degradation in electrochemical environments are 

germinating.

6.3.1 Dynamic Carbonate Formation in Alkaline Media

One of the main incentives of AEM development, as a substitute to the alkaline solution electrolyte, 

is to mitigate the carbonate precipitation in alkaline fuel cells. However, it has been shown that 

carbonate is still generated in the membranes with the presence of CO2, and greatly impacts 

performance. Figure 56A shows the in situ liquid-cell STEM images of a phosphonium-based 

AEM deposited with Pt NPs during the methanol oxidation reaction (Technical details can be 

found in Section 8.2).834 The formation of carbonate particles in the AEM over the entire electrode 
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was observed for the first time with locally generated CO2. Since the mobility of formed CO3
2- and 

HCO3
- are lower than that of OH-, the conductivity of AEM decreases with the increase of CO2 

uptake.835-837 The fuel cell performance is also significantly compromised by the absorbed CO2 in 

the AEM. For instance, the peak power density obtained with ambient air was less than half that 

obtained with clean air (< 0.1 ppm CO2) as oxidizing gas.838 

Figure 56. (A) In situ liquid-cell STEM Images captured after (i) 0 second (ii) 30 seconds, (iii) 60 

seconds and (iv) 90 seconds while conducting methanol oxidation in 0.1 M CH3OH/0.1 M NaOH 

on a microchip modified by phosphonium-based ionomer and Pt nanoparticles; (B) A series of 

potential steps with the corresponding current density obtained and the simultaneous frequency 

(Δf) and motional resistance (ΔRm) changes measured at the ionomer-film modified Pt QCM 

electrode in 0.1 M CH3OH/0.1 M NaOH. (A) is reprinted with permission from ref 834. Copyright 

2015 American Microscopy Society. (B) is reprinted with permission from ref 839. American 

Chemistry Society. 

Nevertheless, despite the negative effect of carbonate on fuel cell performance, the 

incorporation of carbonate and bicarbonate species is found to be reversible. The anion exchange 

dynamics in a prospective AEM were studied via electrochemical quartz crystal microbalance 

(EQCM) with CO2 locally generated from methanol oxidation.839 The incorporation of CO3
2- and 

HCOO- into the AEM and the simultaneous deswelling of the AEM film was observed from a 
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sharp drop in oscillation frequency and motional resistance on the AEM-modified Pt quartz crystal 

electrode, when stepping the potential from 0.1 V to 0.7 V vs. reversible hydrogen electrode (RHE), 

where the methanol oxidation takes place (Figure 56B). After stepping the potential back to 0.1 V 

where no oxidation is happening, the frequency and motional resistance slowly recovered to the 

original values, which indicates the film swelling and mass decrease resulting from the exchange 

of CO3
2- and HCOO- in the film with OH- in the solution. The fuel cell performance degradation 

resulting from the presence of CO2 was also found to be reversible.838,840,841 Inaba reported that the 

cell resistance increased, and the performance decreased with an increase in the CO2 concentration 

in the inlet gas.840 However, the gradual restoration of the performance after switching the cathode 

gas into pure oxygen suggests that the carbonate in AEMs is able to be self-purged with CO2 free 

inlet gas, instead of forming precipitates as in the alkaline solution electrolyte. 

6.3.2 Impact of Ionomer Adsorption on Electrocatalysts

The adsorption of ionomers to the catalysts significantly impacts the fuel cell performance and 

durability. Analogous to the more extensively studied proton exchange membrane fuel cell 

(PEMFC) system, ionomers provide anions to the catalysts while impeding the diffusion of 

reactant molecules (i.e. O2 or H2) to the catalyst surfaces.473,842 Thick ionomer layers on the 

catalysts, caused by inhomogeneous distribution of ionomers leads to lower reaction activity and 

fuel cell performance.843 Strategies, such as employing carbon supports with accessible 

mesopores,842 modifying support-ionomer interaction with N doping,843 treating ionomers under 

supercritical conditions,844 have been developed for improving the performance or durability of 

PEMFCs with more homogeneous ionomer distribution. 
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Figure 57. (A) HOR voltammograms of Pt at 25 °C in 0.1 M TMAOH before and after applying 

0.1 V RHE for 15 min; rotating speed: 900 rpm; scan rate: 5 mV s−1; (B) Correlation between 

phenyl adsorption energy of the ionomer backbone fragments on Pt or PtRu surface and peak 

power density of MEAs using the corresponding ionomer and catalyst at the anode; (C) Impact of 

anode ionomer structure on AMFC performance. Performance measured at 80 °C under H2/O2 

(500/300 sccm, 2000/1000 sccm) at 285 kPa backpressure. (A) is reprinted with permission from 

ref 845. 2018 Elsevier; (B) is reprinted with permission from ref 847. 2018 American Chemistry 

Society (C) is reprinted with permission from ref 849. 2019 Royal Society of Chemistry. 

In alkaline media, the adsorption of ionomers on hydrogen oxidation reaction (HOR) catalysts 

and its influence on the catalytic activity has been mainly interrogated by Kim and his 

coworkers.845 Cation-hydroxide-water co-adsorption and phenyl group adsorption are the two 

specific adsorptions they have proposed on the surface of platinum group metal HOR catalysts. 

Reduced HOR activity was observed after applying 0.1 V vs. rreversible hydrogen electrode (RHE) 

to the Pt electrode in TMAOH for 15 min, compared with the initial Pt (Figure 57A), indicating 

specific adsorption of TMA+ under potential polarization.846 The H2 diffusion barrier resulting 

from the co-adsorbed layer was responsible for the decreased activity, which was proven by 

combining impedance analysis with rotating disk electrode (RDE) to distinguish the diffusion-

controlled process from the kinetic-controlled process. To investigate the phenyl group adsorption, 

the fuel cell performance of polyaromatic ionomers with different backbone structures at the anode, 

which have different DFT calculated adsorption energy on catalysts (Pt or PtRu), were evaluated 

and compared.847 The results manifest that weaker phenyl adsorption would result in higher peak 

power density exhibited by Figure 57B. 

The ionomer-catalyst interactions and gas permeability can be tuned by the structure and 

conformation of both the aromatic ionomer backbone and the tethered cations.848-850 Figure 56C 

shows a significant enhancement of fuel cell performance by slightly altering the ionomer 

structure.849 The symmetric methyl groups on the phenyl backbone increase the fractional free 

volume in the ionomer so that the hydrogen permeability increased. The triethylammonium group 

ameliorated the interaction between catalyst and ionomer with steric hinderance compared with 

trimethylammonium group. Both modifications on the structure led to higher performance, which 
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suggests that ionomers, with a higher fractional free volume and weaker adsorption on catalysts, 

are expected to deliver higher fuel cell performance.

6.4 Summary

There are numerous factors that can impact membrane performance and stability. The cation 

incorporated into the AEM will influence the rate of performance decay. Of the cations discussed 

in this section, piperidiniums, penta-substituted imidazoliums, and tetrakisaminophosphoniums 

are the most promising cationic structures for long term stability in an alkaline environment. The 

AEM’s polymer backbone will determine the mechanical properties of the membrane, which in 

turn influences the durability, water uptake, and conductivity of the AEM. Hydrocarbon-based 

polymers yield the highest backbone stability under alkaline conditions. Furthermore, aliphatic 

backbones can avoid the adsorption of the backbone on the electrocatalysts which causes 

performance degradation. Even for the most stable AEM’s, reversible carbonation can still cause 

loss of performance, presenting a major challenge for implementation of AEMs. The conditions 

used to test an AEM, when in an MEA, also drastically influences the resulting performance, which 

is discussed in detail in Section 7. 

7. MEMBRANE ELECTRODE ASSEMBLY (MEA) STUDIES

The early stages of anion exchange membrane fuel cell (AEMFC) research have mainly focused 

on the development of the alkaline polymer electrolytes (APEs), which includes anion exchange 

membranes (AEMs) and ionomers. With many high-performance APEs developed in recent years, 

tremendous advancements have been made in AEMFCs. Performance metrics comparable to or 

even exceeding those of proton exchange membrane fuel cell (PEMFC) benchmarks have been 

achieved.851-852 Key progress has also been made in AEMFC stability.3, 853 Non-Pt-group metal 

(PGM) catalysts have been successfully incorporated into AEMFCs enabling reduced cost.16 The 

unique concern of carbonation has also been studied in detail.854 In this section of the review, we 

discuss the fabrication and performance tests of MEAs with both PGM-based and non-PGM based 

electrocatalysts and emphasize the important effects of carbonation, water management and mass 

transport in MEAs.  
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7.1 Introduction to AEMFC and MEA Fabrication

The core component of a fuel cell is the membrane electrode assembly (MEA) where the 

electrochemical reactions take place. The MEA has a sandwich structure; from the center out, it 

consists of a polymer membrane, a catalyst layer (CL), gas diffusion layer (GDL), and gasket as 

shown in Figure 58A. The term MEA can refer to all, or just the central components. The number 

of layers is specified for clarity as needed. A 3-layer MEA refers to a membrane sandwiched by a 

CL on both sides. The membrane is crucial, yet very challenging to design, because it serves both 

as a separator and an electrolyte. In other words, it must separate the gas phase reactions at the 

cathode from those at the anode and permit ionic transport between the two electrodes while being 

electronically insulating. In AEMFCs the membrane is an OH- transporting AEM. The CL is an 

electron and ion conducting porous layer consisting of ionomer and carbon supported catalysts. 

Where the ion conductor (ionomer) and electron conductor (carbon support) intimately mix within 

porous voids, a solid-liquid-gas triple phase boundary (TPB) is formed. The TPB provides the 

simultaneous ion, electron, and mass transport pathways necessary for electrochemical reactions 

to take place. The construction of the TPB is one of the most important aspects in CL fabrication. 

Ionic and electron conductivity, and porosity must be well balanced to maximize the utilization of 

the electrocatalysts. 

A 5-layer MEA, additionally, has a GDL atop both CLs. The GDL provides mechanical 

support for the CL and membrane and collects electric current. There is usually a microporous 

layer (MPL) on the GDL side facing the CL to better distribute gas and maintain appropriate levels 

of water in the CL and membrane. The MPL is made of high surface area carbon and 

polytetrafluoroethylene (PTFE) to obtain high gas diffusion rate and optimal hydrophobicity. With 

a gasket on both sides of a 5-layer MEA, a 7-layer MEA is formed. The thickness of the gasket is 

very crucial, a too thin or too thick gasket will result in gas leakage or insufficient electron 

conductivity, respectively. Compressing the GDL by roughly 20% is normally appropriate to 

achieve good electron conductivity and maintain the structural integrity of the MEA. The 

compression ratio of the gasket itself should also be considered while selecting the gasket thickness. 

A 7-layer MEA sandwiched between flow field plates constitutes a complete single fuel cell.

Fabrication of the CL is the primary part of the MEA preparation. The CL is formed by 

applying catalyst ink onto the membrane or GDL using various methods. The first step in all 

methods is the preparation of the catalyst ink. This is done by stirring and ultrasonication to 
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disperse the carbon supported catalyst powder and ionomer into a solvent. Isopropanol is a 

common solvent owing to its good carbon dispersion quality and appropriate boiling point. The 

porous structure of the CL is mainly constructed by the carbon support. Carbon particles will 

spontaneously form agglomerates of several hundred nanometers in the catalysts ink as 

schematically shown in Figure 58B. Primary pores form naturally as a consequence of 

agglomeration. During the CL fabrication process, the solvent is removed, and agglomerates 

further stack together to form micrometer scale aggregates. This leads to the formation of larger 

secondary pores.  

Figure 58. Diagrammatical illustration of MEA structure and MEA fabrication methods. (A). AEMFC 

MEA components and their relative position. (B). AEMFC CL structure forming illustration, schematically 

shows the aggregates forming and stacking process in CL fabrication. (C-E). AEMFC MEA fabrication 

methods: blade coating, air-brush spray and ultrasonic spray, respectively. Copyright by the authors. 

Depending on where the catalysts ink is applied during the fabrication process, CL fabrication 

methods can be divided into gas diffusion electrode (GDE) methods and catalysts coated 

membrane (CCM) methods. The catalyst ink is applied onto the GDL in GDE methods and directly 

onto the membrane in CCM methods. CCM methods are now more widely used due to better 

membrane/CL interface, often leading to better performance and stability. The GDE method lends 

itself to hot pressing. This enables good membrane/CL interphase formation if the membrane and 

ionomer have appropriate glass-transition temperatures. 

Depending on how the catalyst ink is applied, defines the MEA fabrication methods, such as 
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airbrush spray, ultrasonic spray, blade coating, slot-die and microgravure roll-to-roll coating. 

Blade coating-based methods are highly efficient and often used in high volume production 

process but require more catalyst for a single batch. The catalyst slurry/ink is applied onto a 

substrate (GDL or membrane) evenly using a moving blade as schematically shown in Figure 58C. 

The substrate is then heated to evaporate the solvent from the ink, forming the CL. Catalyst loading 

on the MEA can be controlled by adjusting the blade height, ink concentration/composition, ink 

supply speed and blade moving speed, etc. The blade coating catalyst slurry/ink requires higher 

concentration (higher solid content) to obtain proper rheological properties. Airbrush spray (Figure 

58D) and ultrasonic spray (Figure 58E) are more suitable for small sized MEAs and are often used 

in laboratory MEA fabrication. In the airbrush method, the catalyst ink is directly loaded in a 

gravity fed airbrush and sprayed onto the substrate manually or with the aid of an XY table. Again, 

the substrate is heated to accelerate solvent evaporation ensuring that a uniform CL is produced. 

In the ultrasonic spray method, the catalyst ink is atomized by the ultrasonic nozzle and carried 

down by a small air flow. The ultrasonic nozzle is mounted on a robotic gantry and moves to spray 

the catalysts ink onto the heated substrate. In spray-based methods, catalyst loading is controlled 

by varying the volume of catalyst ink sprayed. Ultrasonic spray creates smaller and more uniform 

droplets (usually <50µm) than airbrush (usually >100µm), resulting in a better CL structure. In all 

MEA fabrication methods, the substrate (GDL or membrane) is placed on a vacuum hot plate and 

a plastic mask is used to define the region (size and shape) the CL occupies on the substrate.

The optimal MEA fabrication method depends on the properties of catalyst and ionomer used 

and on the production scale. Typically, the ink is sprayed onto the membrane (CCM method). The 

GDE method is used in polyethylene (PE)-backbone-based MEA fabrication819,851 mainly because 

PE-backbone-based APE membranes are often resistant to catalyst ink adhesion, resulting in 

exfoliation of the CL. 

To fully exploit the potential of AEMFCs, the MEA fabrication process must be optimized for 

the specific catalyst and APE pair. This requires careful consideration of several process variables 

including solvent selection, ink deposition method, etc. Catalyst ink solvents should facilitate good 

dispersion of both catalyst powder and ionomer. The solvent’s boiling point must also be in a 

suitable temperature range to produce a uniform CL upon deposition. Dispersing processes 

(stirring and ultrasonic) should be long enough to ensure a homogeneous and relatively stable 

catalyst dispersion. Spray-based methods are more suitable for small batch laboratory MEA 
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fabrication and airbrush spraying is often used considering availability. Future AEMFC 

development and MEA fabrication will focus on applying non-PGM catalysts, and fabrication 

process optimization should take non-PGM catalysts properties into consideration. As such, blade 

coating methods may be more suitable in thick (high-loading) non-PGM CL fabrication.

Prior to assembling the fuel cell, an ion exchange bath is usually required because most APEs 

and ionomers are synthesized in halide rather than OH- form. Ion exchanging is often accomplished 

by soaking the CCM or GDE and membrane in an alkaline solution at elevated temperatures 

(usually 1 M KOH at 60-80 ºC). Thorough ion exchange is crucial for achieving high AEMFC 

performance. Any remaining anion (usually halides) will hinder OH- transportation and sometimes 

adsorb onto catalysts, poisoning them. Close attention should also be paid to residual surfactants 

remaining from the catalyst synthesis process. Even minor contamination will result in severe 

poisoning of the fuel cell catalysts.

7.2 AEMFC performances

Although the concept of an AEMFC was proposed in the early 2000s855-856 and numerous studies 

have been conducted since, it was not until the mid-2010s that AEMFC performances were widely 

reported widely in the literature. After decades of development, AEMFC performance has 

improved dramatically. This is intimately linked to the recent advances of APEs that exhibit both 

facile OH- transport and good mechanical properties. With proper MEA fabrication and testing 

protocol optimization, initial performance is no longer a deficiency for AEMFCs, relative to the 

stat-of-the-art PEMFCs. Utilization of non-PGM catalysts is another important milestone that has 

been achieved. Non-PGM oxygen reduction reaction (ORR) catalysts have shown very promising 

results in AEMFCs (Sections 3.2 and 4.2). Several oxide-based ORR catalysts have achieved peak 

power densities (PPDs) of over 1 W/cm2.16,871,872 However, AEMFCs with a non-PGM hydrogen 

oxidation reaction (HOR) catalyst are largely unexplored. In this section we will review the 

AEMFC performance advancements and discuss key factors that have led to this progress. 

Potential for further progress will be discussed, including CL optimization, AEMFC testing and 

operating conditions and corresponding requirements for the APE.

7.2.1 PGM-based Catalysts 

In the early history of AEMFCs, the lack of suitable APEs have limited their performance. To 
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guide APE development, accurate evaluation of APE performance is required. Although many 

types of APEs have been studied, few of those have been tested in an actual fuel cell. To exclude 

variability associated with the electrocatalyst, commercially available fuel cell catalysts (e.g., from 

Johnson-Matthey) are commonly used when assembling an AEMFC to evaluate APE performance 

(Figure 59). Pt/C is usually used as the cathode ORR catalyst. At the anode, PtRu/C is a more 

favorable HOR catalyst (Section 3). Although air is the oxidant in practical fuel cell applications, 

pure oxygen is stilled used in most research tests to exclude the impact of CO2. 

Figure 59. AEMFC performances and comparison with respect to MEA PGM loading. The AEMFC 

performances using PGM catalysts, pure H2 in anode and O2 in cathode if not otherwise specified. (A-B): 

With 0.4 mgPt/cm2 in both anode and cathode. (C): With PtRu (red line) or Pt (blue line) anode and Pt 

cathode, both 0.4 mgPGM/cm2. (D): With PtRu anode (0.6 mg/cm2) and Pt (0.4mg/cm2) or Ag (1.0 mg/cm2) 

cathode. Cell tested at 70 oC. (E): With PtRu anode or Pt anode and Pt cathode, all 0.4 mg/cm2. Cell tested 

at 80 oC with 0.2 MPa backpressure. (F-G): With PtRu anode and Pt cathode with a total loading about 1.2-

1.6 mgPGM/cm2. Cell tested at 80 oC. (H): With PtRu anode and Pt cathode, all 0.4 mg/cm2. Cell tested at 80 
oC with 0.2 MPa backpressure. AEMFC performance advanced dramatically with high-performance APE 

development and cell fabrication and testing protocol optimization. (I). The AEMFC performance 

comparison with respect to total PGM catalysts loading on both anode and cathode, including Pt, Ru, Pd, 

Ir and Rh. The light green area on the left side of blue line represents the DOE 2025 target873 for PGM 

loading (0.1g/kW). Different colors represent different cell operating temperature, circle and pentagram 

represents the usage of pure oxygen or air (CO2 free) as cathode oxidant, respectively. AEMFCs using Ag-
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based or non-PGM catalysts are noted in the graph. Panels reproduced with permission. (A) are reproduced 

from ref 859. Copyright 2013 Elsevier; (B) is reproduced from ref 860. Copyright by the authors 2013 

Royal Society of Chemistry; (C) is reproduced from ref 861. Copyright by the authors 2015 Royal Society 

of Chemistry; (D) is reproduced from ref 577. Copyright 2017 Royal Society of Chemistry; (E) is 

reproduced from ref 862. Copyright by the authors 2018 Wiley; (F) is reproduced from ref 865. Copyright 

2018 Royal Society of Chemistry; (G) is reproduced from ref 866. Copyright 2019 The Electrochemical 

Society; (H) is reproduced from ref 852. Copyright by the authors.

The lower diffusion rate of OH- compared to H+ has been a major challenge in synthesizing 

APEs with sufficiently high ionic conductivities. Many strategies have been adopted, such as 

increasing the IEC, constructing microphase separation, etc (See Section 6.2 for more details). Due 

to the low ionic conductivity of APEs developed in early stages, AEMFCs reported very low PPDs 

(usually < 200 mW/cm2).857-858 As APEs with superior ionic conductivity emerged, AEMFC 

performance gradually improved. Yi and coworkers achieved a PPD of 350 mW/cm2 with a 

maximum current density of 1000 mA/cm2 (Fig 59 A).859 They employed a crosslinked composite 

APE with a high ion exchange compacity (IEC) (>2 meq/g). Pan et al. further reduced APE ionic 

resistance using a thin composite membrane (25 µm), reaching a PPD of 550 mW/cm2 and a 

maximum current density of 1800 mA/cm2 (Figure 59B).860 It proved that lowering the ionic 

resistance can increase AEMFC performance, but there was still a substantial gap between 

AEMFC and PEMFC performance.

Researchers then realized that the slow HOR kinetics in alkaline conditions are an important 

limiting factor in AEMFCs. It was found that a PtRu alloy is better at catalyzing the HOR in 

alkaline conditions compared to pure Pt (Section 3).183,187,189 Commercial PtRu/C catalysts were 

applied to the AEMFC anode and demonstrated the first AMEFC to achieve a PPD of 1.0 W/cm2 

along with a maximum current density of 2.8 A/cm2 (Figure 59C).861 This leap in progress 

validated the potential of AMEFCs and inspired more researchers to tackle the many remaining 

challenges. During this period of development, APEs were usually made based on engineering 

plastics, such as polysulfone, polyether ether ketone, and poly(phenylene oxide).14,15 However, the 

mechanical strength of these APEs was not enough to withstand harsh fuel cell operating 

conditions (high temperature and high back pressure), so AEMFCs were often tested at low 

temperatures (≤ 60 ºC) and small back pressure (≤ 0.1 MPa), which limited further performance 
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advancement.

In pursuit of better AEMFC performance, higher cell operating temperature are needed to 

facilitate ion transport and accelerate electrode kinetics, especially for the sluggish ORR. Varcoe 

and coworkers increased the fuel cell testing temperature to 70 ºC using PE-backbone-based 

APE.577 The cell performance was improved significantly, reaching a PPD of 1.6 W/cm2 with a 

maximum current density of 2.9 A/cm2 (Figure 59D). Zhuang and coworkers further evaluated the 

testing temperature and back pressure (80 ºC, 0.2MPa) by employing a more robust poly(aryl 

piperidinium)-based APEs,862 which led to a huge performance boost. A PPD of 2.1 W/cm2, which 

is comparable to PEMFC performance, was achieved along with a maximum current density of 6 

A/cm2 (Figure 59E). This attested to the potential of AEMFCs for high power applications such 

as fuel cell electric vehicles (FCEVs). They also discovered that under elevated temperature, the 

performance difference between Pt and PtRu anode catalysts diminished as the HOR activity of 

both increased but Pt shows a larger activation energy than PtRu/C (Figure 12D).862 Many 

researchers subsequently adopted the aforementioned testing conditions with PtRu/C as the anode 

and also achieved high AEMFC performance with a wide variety of APEs developed, such as 

poly(aromatics) (PA)-based (Section 6.2.1), poly(olefin)-based (Section 6.2.3) and 

poly(norbornene) (PNB)-based (Section 6.2.4). PPDs of 1.5 W/cm2 or above have now been 

reported by several groups.792,813,863-864

These advancements in HOR catalysts and APEs demonstrated that AEMFC performance was 

no longer limited solely by the reaction rate or membrane conductivity. As such, water 

management and mass transport began to play important roles in further advancing AEMFC 

performance. Water is consumed at the cathode and generated at the anode, which may result in 

severe drought at the cathode and flooding at the anode. Proper water management in AEMFCs is 

important to further improve their performance. Mustain et al. alleviated anode flooding by 

manipulating anode ionomer and carbon content and achieved a PPD of 1.9 W/cm2 (Figure 59F) 

with a PE-based APE865. Kohl et al. further boosted AMEFC performance to a PPD of 3.5 W/cm2 

(Figure 59G) using a PNB-based APE with a very high IEC (> 3.7 meq/g) to facilitate water 

transport.866. However, they used high catalyst loadings of 0.7 mgPtRu/cm2 (anode) and 0.6 mgPt/cm2 

(cathode). Zhuang and coworkers examined AEMFC water transport using ultrathin (< 15 µm) 

poly(aryl piperidine)-based APE, achieving a PPD of 3.43 W/cm2 with a record maximum current 

density of 10.5 A/cm2 (Figure 59H) with a lower PGM catalysts loading of 0.4 mgPtRu/cm2 (anode) 
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and 0.4 mgPt/cm2 (cathode).852 It should be noted that researchers often employed very high gas 

feeding flow rate (from 500 up to 2000 sccm) to alleviate flooding and facilitate mass transport in 

order to improve performance. However, the amount of gas fuel at such high flow rate is 1-2 orders 

of magnitude higher than that consumed by AEMFCs, leading to low fuel utilization. A better 

understanding of water management is required in order to lower the gas flow rate to a level similar 

to PEMFCs. AEMFCs without anode humidification and H2 emission can be achieved with proper 

adjustment of the hydrophilicity/hydrophobicity of the ionomer resulting in good water 

management.867 By utilizing all the aforementioned strategies, many researchers have now 

achieved AMEFC performances that rival or even exceed PEMFCs,819,851,868-872 demonstrating that 

initial performance is no longer a shortcoming for AEMFCs.

However, there are still many demands to be met in order to achieve performance metrics 

relevant for the application of AEMFCs. Thus far, good power densities have only been achieved 

with very high PGM catalysts loading as summarized in Figure 59I. Clearly, most examples 

reported are far from reaching the DOE 2025 target873,874 (0.1 gPGM/kW, drawn with blue line in 

the left side of Figure 59I). Lowering the PGM catalyst loading to a level similar to PEMFCs 

should be the major task in the next stage of developing AEMFC with the use of non-PGM 

catalysts as the ultimate goal. In addition, most of AEMFCs have been tested using pure oxygen 

(Figure 59I) but any practical application will most certainly require air. Only a small fraction of 

AEMFCs have been tested using CO2 free air (denoted with a star), and the performances were 

much lower, due to the lower oxygen concentration.792,793 The highest performance achieved using 

CO2 free air as the cathode oxidant is 1.96 W/cm2 (Figure 59H).852 Future AEMFC research should 

shift to air as the cathode oxidant and investigate the influence of CO2 in air on AEMFC 

performance. 

7.2.2 Non-Pt and Non-PGM Catalysts 

A big advantage of AEMFCs is the alkaline environment, which enables the use of non-PGM 

catalysts, thus lowering the cost significantly, at both the cathode and the anode. Achieving an all 

non-PGM catalyst based AEMFC has been the ultimate goal for researchers since the initial period 

of development. Zhuang and coworkers first reported an AEMFC completely free from noble 

metal catalysts, using Cr-decorated Ni as the anode and Ag as the cathode, which achieved a PPD 

of 50 mW/cm2 (Figure 60A).13 Replacing Ag with Co-polypyrrole (PPy)/C at the cathode yielded 
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a PPD of 40 mW/cm.261 Though exhibiting only modest activity, these works glimpse at the 

possibility of a low-cost, high-performance alkaline fuel cell. 

Figure 60. The AEMFC performances using non-PGM catalysts. (A) Ni-based anode catalysts and Ag 

cathode catalysts. (B-D) Metal-containing nitrogen-doped carbon (M-N-C) based cathode catalysts and 

composite M-N-C-oxide cathode catalysts and PtRu anode catalysts. (B) Fe-N-C cathode with a catalyst 

loading of 2 mg/cm2 and PtRu/C anode (0.4 mgPtRu/cm2) ; (C) N-doped carbon supported CoOx cathode 

with a metal loading of 2.4 mg/cm2 and PtRu/C anode (0.7 mgPtRu/cm2) (D) FeNx-carbon nanotubes (CNTs) 

cathode with a metal loading of 2 mg/cm2 and PtRu/C anode (0.7 m4PtRu/cm2). (E-G) Transition metal oxide-

based cathode catalysts. (E) Co1.5Mn1.5O4/C cathode (40 wt.%) with an oxide loading of 0.8 mg/cm2 and 

PtRu/C anode (0.4 mgPtRu/cm2). (F) MnCo2O4/C and CoMn2O4/C (80 wt.%) cathode with same oxide and 

PtRu/C anode with the same loading as (E). (G) CoFe2O4/C cathode (50 wt.%) with an oxide loading of 2.4 

mg/cm2 and PtRu/C anode (0.7 mgPtRu/cm2). (H-I). (H) Ni anode coated with carbon shell (I) Ni anode 

coated with N-doped carbon shell (CNx). Pure H2 in anode and O2 in cathode if not otherwise specified. 

Panels reproduced with permission. (A) is reproduced from ref 13. Copyright by the authors 2008 National 

Academy of Sciences; (B) is reproduced from ref 553. Copyright by the authors 2017 American Chemistry 

Society; (C) is reproduced from ref 870. Copyright 2019 Wiley; (D) is reproduced from ref 807. Copyright 
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2020 AAAS; (E) is reproduced from ref 16. Copyright 2019 Springer Nature; (F) is reproduced from ref 

871. Copyright by the authors 2019 American Chemistry Society; (G) is reproduced from ref 872. 

Copyright 2018 Multidisciplinary Digital Publishing Institute; (H) is reproduced from ref 262. Copyright 

2020 American Chemistry Society. (I) is reproduced from ref 263. Copyright by the authors.

There has been more success in removing PGMs from the cathode side of the MEA compared 

to the anode. This is because, unlike for the HOR, there are many examples of PGM-free materials 

that show ORR activity and are stable in the fuel cell environment (Section 4.2, 4.3). By far the 

most extensively studied non-PGM ORR electrocatalysts are metal-containing N-doped carbons 

(M-N-C) due to their excellent rotating disk electrode (RDE) performances – some exhibiting a 

higher half-wave potential than Pt/C (Figures 25, 26). However, Zhuang and coworkers showed 

that the spectacular ORR activity of Fe-N-C in RDE experiments, does not translate into 

comparable MEA performance. Although their Fe-N-C catalyst’s RDE activity was equal to 20wt% 

Pt/C (Figure 26I), a PPD of only 500 mW/cm2 (Figure 60B) could be achieved in MEAs.553 The 

low MEA performance is likely due to the low density of active sites and small micropores (< 10 

nm) that hinder access to many active sites, since the ionomer cannot penetrate into those 

micropores. Additionally, the stability of M-N-Cs also requires further investigation.  

Mustain and coworkers adopted a composite nitrogen-doped carbon-CoOx (N-C-CoOx) 

catalysts in AEMFC cathodes and achieved a PPD of 1.05 W/cm2
 (Figure 60C)870. They proposed 

that both Co oxides and nitrogen-doped carbon as possible active sites for the ORR. Full utilization 

of active sites is necessary for M-N-C based ORR catalysts to achieve high performance in 

AEMFC. Wei and coworkers synthesized a FeNx-CNTs catalyst using a Fe-ZIF@PPy precursor, 

which likely resulted in active sites on the surface instead of micropores. A higher PPD of 1.2 

W/cm2 was achieved (Figure 60D),807 indicating that the structure of the active sites is also 

important to achieve high performance.

Transition metal oxides (TMOs) are also capable of catalyzing the ORR and are exclusive to 

AEMFCs because their instability in acid. Mn-Co spinel composite oxides were applied in the 

cathode, achieving a PPD of 1.1 W/cm2
 (Figure 60E)854 at 100% relative humidity (RH) and a 

significantly better PPD than Pt/C cathode at 50%RH (Figure 23B). This study also demonstrated 

how important water activation, on Co sites in this case, is for the ORR in alkaline media, 

especially at low RH conditions. Recently, Abruña and coworkers systematically explored the 
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compositions of Co-Mn oxides and the ratio of oxide to carbon supports (40-80%) at the cathode, 

among which MnCo2O4 with 80% mass fraction supported on carbon achieved an optimal 

benchmark PPD of 1.2 W/cm2 at 2.5 A/cm2 at an oxide loading of 0.8 mg/cm2 (Figure 60F).871 A 

Co-Fe composite oxide ORR catalyst, explored by Mustain and coworkers, reached a PPD of 1.35 

W/cm2 at a very high oxide loading of 2.4 mg/cm2 (Figure 60G).872 These results exemplify the 

potential of metal oxide-based ORR catalysts despite their modest RDE performance. The next 

step for metal oxide-based catalyst studies is to focus on improving their intrinsic activity and, 

more importantly, long-term stability necessary for practical applications.

The development of non-PGM catalysts for the HOR now remains the biggest challenge for 

AEMFCs. Many works have been done in exploring non-PGM catalysts, but nearly all researchers 

were evaluating the catalysts HOR activity using RDE testing without further AEMFCs 

integration.241,244-245,257,875,876 Only Ni has shown marginal HOR activity among non-PGM 

catalysts.233-263 However, Ni is prone to surface passivation due to the formation of an oxide under 

anodic polarization at large current densities. Zhuang and coworkers increased the antioxidation 

ability of Ni catalysts by a carbon shell coating formed during vacuum pyrolysis and, as a result, 

a PPD of 160 mW/cm2 was achieved (Figure 60H).262 Recently, a nitrogen-doped carbon shell was 

used to prevent Ni (Ni@CNx) catalysts from oxidation and further improved the HOR activity 

(Figures 14D-F). A PPD of 480 mW/cm2 was then achieved with a maximum current density of 

0.85 A/cm2 (Figure 60I).263 In this study, a completely noble metal free AMEFC was realized, for 

the first time, and achieved a record PPD of 200 mW/cm2 using Ni@CNx anode and MnCo2O4/C 

cathode.263 These works demonstrated the ability of Ni to catalyze the HOR at the anode. Further 

improvement of the performance of Ni-based HOR electrocatalysts is required to achieve the use 

of completely precious-metal free anodes in realistic high-performance AEMFCs. We also, again, 

emphasize the importance of testing catalysts in MEA, even at early stages of catalyst development, 

as we previously discussed in Section 4.2.3 (Figures 23A-B). As has been shown numerous times, 

excellent RDE performance does not imply the same in an MEA, as illustrated in Figures 26H-I, 

whereas modest RDE performance may mask the potential of a highly active catalyst that would 

otherwise be highly active in an MEA, such as shown in Figure 23. 

We include a discussion of Ag-based catalysts because of the significantly lower cost of Ag 

compared to PGMs (Ag: $0.9/g vs. Pt: $36/g) and high ORR activity in alkaline media.13,577-580 

Many high performance AEMFCs have been achieved using Ag-based catalysts in the cathode and 

Page 275 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



275

these points are indicated in Figure 59I.13,577 These showed performances much closer to the DOE 

2025 target.873 The only AMEFC performance that achieved the DOE 2025 target is the 

aforementioned completely noble metal free AMEFC achieved using the Ni@CNx catalyst in the 

anode and Mn-Co composite oxide catalysts in the cathode263 (see bottom left side of Figure 59I). 

These results indicate that developing non-PGM catalysts is crucial for achieving the DOE noble 

metal loading target, i.e. developing high performance fuel cell with low cost, and should be one 

of the main tasks in subsequent AEMFC research. 

In conclusion, very high AEMFC performances have been achieved, enabled by the 

development of high-performance APEs and advances in MEA fabrication techniques. It is 

foreseeable to achieve the DOE preliminary AEMFC milestones874: (1) By 2022, Initial 

performance: 0.65 V at 1000 mA/cm2 on H2/O2; T  80 °C; P  150 kPa; total PGM loading ≥ ≤ ≤

0.2 mg/cm2; Durability: 10% voltage degradation over 1,000 h; T  80 °C; P  150 kPa; ≤ ≥ ≤

total PGM loading 0.2 mg/cm2. (2) By 2030, Initial performance 600 mW/cm2 under H2/air ≤ ≥

(maximum pressure of 1.5 atm) in PGM-free MEA. 

7.3 AEMFC stability

AEMFC stability is crucial for achieving realistic fuel cell application. In the early ages of AEMFC 

research, the cell stability was not studied because the performance was too poor to begin with. As 

power density is now reaching target values, AEMFC stability is receiving more attention. Single 

cell stability has been mainly studied with commercially available noble metal catalysts (PtRu/C 

and Pt/C) to reveal the stability of APEs, and the stability test is usually conducted at constant 

current or constant voltage mode. CO2 free air has been adopted as the cathode oxidant instead of 

pure O2 in most APEFC stability tests, which is closer to realistic application conditions. 

The fuel cell stability of poly(aromatic)-based APEs, discussed in Section 6.2.1, were the first 

to be studied. Zhuang and coworkers reported that a continues operating time of more than 100 

hours was achieved for a poly(p-terphenyl-piperidinium) (QAPPT) membrane at 80 ºC with a 

current density of 0.2 A/cm2 (H2 and CO2-free air fed in anode and cathode respectively).792 The 

cell potential decreased from 0.7 V to 0.6 V, with a degradation rate of ~1 mV/h. A recent report 

on a similar type of polypiperidium, by Park and coworkers, showed a higher initial power density 

but a faster degradation rate (from 0.75 V to 0.55 V within 100 hours).869 Yan and coworkers 

further increased the fuel cell working temperature to 95 ºC and achieved 300 hours of working 
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life at a current density of 0.5 A/cm2 using H2 and CO2-free air.793 The cell potential dropped ~19% 

from 0.67 to 0.54 V (Figure 61A) at a decreasing rate of 0.43 mV/h. Kim and coworkers optimized 

the PA-based ionomer used at the anode and cathode, improving lifetime to more than 900 hours 

at a current density of 0.6 A/cm2 at 80 ºC using H2 and O2. The cell potential decreased from 0.78 

V to 0.4 V, with a potential loss of ~0.4 mV/h (Figure 61B).877 However, it should be noted that a 

replenishment process with NaOH solution was done several times to recover cell performance 

during the stability test, which reduced the high frequency resistance (HFR) significantly. This is 

by far the longest operating time reported using PA-based APEs. 

Figure 61. Constant current AEMFC stability test of most studied APEs. (A-B). Stability of AEMFC using 

poly(aromatics)-based APE. (C-D). Stability of AEMFC using poly(ethylene)-based APE. (E-F). Stability 

of AEMFC using poly(norbornene)-based APE. PGM-based catalysts and air (CO2 free) are used in these 

stability tests. Pt/C cathode and PtRu/C anode were used in those studies. Panels reproduced with 

permission. (A) is reproduced from ref 793. Copyright 2019 Springer Nature; (B) is reproduced from ref 

877. Copyright 2020 Royal Society of Chemistry; (C) is reproduced from ref 819. Copyright 2019 Royal 

Society of Chemistry; (D) is reproduced from ref 904. Copyright 2020 Springer Nature; (E) is reproduced 

from ref 851. Copyright 2019 The Electrochemical Society; (F) is reproduced from ref 853. Copyright 2020 

Wiley.

PE-based APEs have also been widely studied due to their high stability (Section 6.2.3), and, 
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thus, their fuel cell stability has also been reported. Mustain and coworkers reported a radiation-

grafted (ETFE) with a lifetime of ~400 hours at 600 mA/cm2 and a performance decay of ~40%, 

but there was a significant voltage drop during the first 50 h.865 Varcoe and coworkers then 

employed a high-density PE-based APE to further extended the working life to 450 hours at 70 ºC. 

Using H2 and CO2-free air,819 the rate of cell voltage loss was only ~0.14 mV/h from 0.7 V to 0.64 

V (Figure 61C), but the degradation rate increased in the final hours of operation. The HFR 

remained nearly unchanged at ~30 mΩ·cm2 except in the initial and final stages. Mustain et al. 

further improved water management with hydrophobic PTFE in both GDL and catalysts layers, 

and achieved a lifetime of more than 1000 hours at a current density of 0.6 A/cm2 at 65 ºC (H2 and 

CO2-free air used).853 The cell voltage decay rate was only ~0.04 mV/h, ~5.5% voltage loss from 

about 0.72 V to 0.68 V (Figure 61D). The fuel cell HFR gradually increased from 26 to 43 mΩ·cm2 

(Figure 61D inset). This outstanding result shows the importance of good water management for 

AEMFCs stability. It also exemplifies the challenges facing APEs to achieve long operation times 

at high temperature.

PNB-based APEs are another class of high-performance materials that have been studied 

widely in recent years, as previously discussed in Section 6.2.4. Mustain and coworkers achieved 

an initial peak power density of 3.5 W/cm2 and a stability of over 100 hours at 600 mA/cm2.866 

Kohl and coworkers achieved a working life of 550 hours with a lightly cross-linked composite 

PNB-based APE with a current density of 600 mA/cm2 at 80 ºC using H2 and CO2-free air.851 The 

cell voltage decreased by ~17% from 0.72 V to 0.6 V, at a rate of ~0.22 mV/s (Figure 61E). The 

cell voltage was somewhat unstable, fluctuating over a large range of about 100 mV and the feed 

gas humidity was changed several times to extend the working life of the device. These results 

show the necessity of proper water management for long AEMFC life-times. Mustain and 

coworkers then optimized the electrodes’ hydrophobic/hydrophilic properties by manipulating 

ionomer properties. As a result, an outstanding working life of 2000 hours was achieved at 75 ºC 

with a current density of 0.6 A/cm2 using H2 and CO2-free (Figure 61F).853 The average cell voltage 

loss rate was only about 0.015 mV/h (from ~0.75 V initially to 0.7 V at the end), and the cell 

performances remained almost unchanged (Figure 61F inset). The cell HFR gradually increased 

from 26.4 to 44.6 mΩ·cm2 in a 2000-hour test. This groundbreaking result shows the potential of 

AEMFCs for practical applications.

Other than the aforementioned results which use Pt-based catalysts, some Pt-free and PGM-
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free AEMFC stability results have also been reported. Both Pd and Ag catalyst based AEMFCs 

have demonstrated a working life of 100 hours.793, 878 In terms of non-PGM catalysts, a 100-hour 

life has also been achieved with nitrogen-doped carbon-CoOx ORR catalysts.870 These results show 

the potential of non-Pt and non-PGM catalysts for long duration operation.

Up to now AEMFCs stability tests have been conducted primarily to evaluate the stability of 

APEs developed. The stability of different types of APEs are quite different as discussed above, 

PNB-based APEs showed the best stability, and PE-based APEs also showed good stability 

performances, while PA-based APEs had trouble in achieving long term stability. This showed 

that APEs with fewer aromatic groups tend to have better stability performances. This is likely due 

to aryl adsorption on catalysts and oxidation to phenol as reported. More work is needed to study 

the stability of the aryl groups during fuel cell operation to further guide the development of APEs. 

The fuel cell operation temperature is still restricted due to APE stability concerns, mainly the 

stability of cations, which is discussed at length in Section 6.1. More stable cations are needed to 

achieve longer AEMFCs working life at higher temperatures and larger current densities.

7.4 AEMFC carbonation

Different from an alkaline fuel cell (AFC) which employs an alkaline solution as the electrolyte, 

carbonate precipitation is effectively suppressed in AEMFCs since the cationic groups are tethered 

to polymers and there is no free floating OH- as in alkaline solution.13 However, when hydroxide 

is generated at the cathode in AEMFCs (Equation 13), it will quickly turn into carbonate (Equation 

14) with continuous CO2 feeding in the cathode when air (often containing 400 ppm CO2) is used
1
2O

2
+ 2e ― + H2O→2OH ― #(Equation 13)

2OH ― + CO2→H2O + CO2 ―
3 #(Equation 14)

The generated carbonate then migrates through the membrane towards the anode, where the 

carbonate participates in a hydrogen oxidation reaction to reform CO2 which is purged from anode 

in the product gas stream (Equation 15). This is the “self-purging” process of carbonation in 

AEMFCs. 854,879

H2 + CO2 ―
3 ― 2e ― →H2O + CO2↑#(Equation 15)

The CO2 intake at the cathode, carbonate transporting in the AEM and carbonate “self-purging” 

at anode composes the carbonate balance in AMEFCs.
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7.4.1 Effects of Carbonation on AEMFC Performance

The existence of CO2 lowers the AEMFCs performances significantly. There is a noticeable 

influence on performance even with only 5 ppm CO2 in the cathode inlet.879 Performance further 

degrades when the CO2 concentration increases and is nearly reduced to half with 400 ppm CO2 

(Figure 62A).879 When ~350 ppm CO2 is introduced to cathode, the anode emission has a CO2 

concentration of ~150 ppm at a cell current > 0.2 A/cm2 at the same gas feed rate at the anode and 

cathode. This means that nearly half of the CO2 will migrate from cathode to anode before being 

purged out. No CO2 is purged when the cell is held at the open circuit voltage (OCV) (Figure 

62B).854 However, the CO2 concentration in the anode product stream increases slightly when the 

cell discharging current density increases. The anode CO2 emission rate also changes with different 

gas feeding flow rates; it increases with a higher cathode feeding rate, but increasing anode gas 

flow rate will not change the amount of CO2 transferred from cathode to anode. This indicates that 

the CO2 absorption rate in the cathode is controlled by mass transfer due to the fast reaction rate 

of CO2 with OH-
 and the large amount of OH-

 generated at the cathode (compared to CO2). The 

anode CO2 emission rate, however, is controlled by the reaction rate (Equation 15). Lower air flow 

rates at the cathode can reduce the carbonation degree and alleviate its influence on the AEMFC 

performance. The carbonate distribution in the membrane and catalyst layers has been proposed 

based on experimental results, and is schematically shown in Figure 62C.854,879 The anode 

carbonation degree is the highest because of the slow CO2 purging reaction rate at the anode, while 

the carbonation degree at the cathode is much lower because of rapid carbonate transfer to the 

anode. The AEMFCs carbonation degree decreases at higher discharge currents (Figure 62 C).
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Figure 62. CO2 influence on AEMFC performance and illustration of potential deviations in thin electrolyte 

reference electrode measurement. (A). Influence of carbonation on AEMFC performance with different 

CO2 concentrations. (B). The anode and cathode emission CO2 concentration when CO2 is purged to 

cathode, the CO2 purging process at AEMFC anode is called “self-purging”. (C). Schematic illustration of 

carbonate distribution in AEMFC, yellow and blue represents higher and lower carbonation degree, 

respectively. The yellow line depicts the carbonation degree across the anode, AEM and cathode. (D). The 

influence of electrode symmetry and electrode kinetics on potential distribution in thin electrolyte system, 

b is the thickness of the electrolyte. Different potentials are presented in different color (see scale bar on 

the right). Panels reproduced with permission. (A) is reproduced from ref 879. Copyright 2020 Elsevier; 

(B) is reproduced from ref 854. Copyright 2019 Royal Society of Chemistry; (D) is reproduced from ref 

889. Copyright 2004 Elsevier.

The AMEFCs carbonation usually causes a potential drop of > 200 mV.854,879 The most 

obvious influence of carbonation is the decrease in ionic conductivity due to slower diffusion rate 

of carbonate compared to hydroxide. The resulting increase in ionic resistance has been analyzed 

using HFR, which shows that the ohmic potential drop due to carbonation is often below 50 mV 

and a large portion of the potential drop is caused by other factors.854,879 Some researchers have 

used a reference electrode in AEMFCs to decouple anode and cathode overpotentials.880-882 It was 

found that anode overpotentials increase significantly during carbonation while cathode 

overpotentials remain largely unchanged. This indicates that the carbonation has a significant 
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influence on the HOR. However, one should pay close attention to reports on reference electrodes 

in thin electrolyte systems, because electrode alignment and electrode reaction rate difference can 

cause large edge effects.883-888 A potential distribution at the edge with exactly aligned electrodes 

and same kinetics is shown in Figure 62D (top).889 It shows a symmetrical but highly non-uniform 

potential distribution near the electrodes’ edge due to the ohmic drop effect. The potential 

distributions are highly nonlinear in the region ~1.5b (b is the thickness of the membrane) outside 

the electrode edge. Beyond this is a region of constant potential (RCP). The measured potential is 

in the center of the membrane when a reference electrode is positioned within the RCP. A small 

asymmetry can shift the measured potential position significantly (Figure 62D middle).889 When 

one electrode is 1.5b larger than the another, the measured potential position moves substantially 

toward the larger electrode. This degree of alignment requirement is unreachable in laboratory 

MEA fabrication, which indicates that the measured potential position will deviate from one 

electrode to another. The difference in electrode kinetics will also influence the potential 

distribution (Figure 62D (bottom)),889as the potential within the RCP shifts toward the electrode 

with faster kinetics. Therefore, the MEA results based on reference electrodes, may not correctly 

reveal the influence of carbonation on AEMFCs electrode reactions. More research is needed to 

further illustrate the impact of carbonation on AEMFC performance degradation.

7.4.2 Nernst Potential Drops due to Carbonation

A Nernst potential drop (pH-potential) is expected in AMEFCs due to the uneven carbonate 

distribution between anode and cathode,854,879 which results in a pH difference. This can be 

expressed as follows:

∆φNernst = ―
𝑅𝑇
𝐹 ln(

[𝐻 + ]𝑐𝑎𝑡ℎ𝑜𝑑𝑒

[𝐻 + ]𝑎𝑛𝑜𝑑𝑒
) = 0.059(pHcathode ― pHanode)#(Equation 16)

However, this analysis does not take all potential contributions into account. Different from a 

pure electrolyte solution, the existence of a non-dialysing AEM will lead to the formation of a 

membrane potential according to Donnan equilibrium.890 To theoretically analyze the potential 

difference resulting from carbonation, a model that consists of two RHE separated by an AEM is 

proposed by the authors (Figure 63).891 The two RHEs are in different alkaline solution 

concentrations of corresponding to the difference in carbonation degree between the anode and 
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cathode. The potential difference between the two RHEs represents the thermodynamic voltage 

drop brought by carbonation in AEMFCs. A Nernst potential forms as expected due to the pH 

difference between the RHEs as sketched in Figure 63 (upper part). Further, a double layer forms 

at the AEM/electrolyte interfaces on either side of the membrane due to the non-dialysing 

properties of the AEM (Figure 63 lower part). Both interfaces have a characteristic potential. The 

net potential difference between the two RHEs is the sum of the Nernst potential and two 

membrane potentials.

Figure 63. Theoretical analysis diagram of thermodynamic potential difference in AEMFC carbonation. 

Yellow parts on two side represents alkaline solution with different [OH-] concentration (C1 and C2), gray 

part represents non-dialysing AEM (with an OH- concentration of C0). A Nernstian potential forms due to 

pH difference between the two alkaline solutions (depicted in the upper part). Two membrane potential 

forms in both sides of the solution/AEM interface due to Donnan equilibrium. The membrane potentials 

and the membrane potential difference are depicted in the lower part. Copyright by the authors. 

The Nernst potential can be expressed as follow:

∆φNernst = φ1
RHE ― φ2

RHE =
RT
F 𝑙𝑛([H + ]1

[H + ]2
) =

RT
F 𝑙𝑛(𝐶2

𝐶1)#(Equation 17)

When an equilibrium forms in electrolyte/AEM interface, the electrochemical potential of ions 

is equal on both sides, so the membrane potential can be expressed as follows:
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𝜑1
𝑀𝑒𝑚 =

RT
F 𝑙𝑛([H + ]AEM

[H + ]1
) =

RT
F 𝑙𝑛(𝐶1

C0)#(Equation 18)

𝜑2
𝑀𝑒𝑚 =

RT
F 𝑙𝑛( [H + ]2

[H + ]AEM
) =

RT
F 𝑙𝑛(𝐶0

C2)#(Equation 19)

∆φMem = φ1
Mem + φ2

Mem =
RT
F 𝑙𝑛(𝐶1

𝐶2)#（Equation 20）

The total potential difference is the sum of the Nernst potential and membrane potential:
∆φ = ∆φNernst + ∆φMem = 0#（Equation 21）

This analysis shows that due to the non-dialysing property of AEMs, the Nernst potential is 

canceled out by the membrane potential, which means that thermodynamic potential differences 

due to carbonation will not occur in AEMFCs. Based on the reviewed experimental results and 

theoretical analysis, carbonation will cause a significant performance drop to AEMFCs. Ionic 

transport resistance increases are responsible for a part of the voltage losses, but an uneven 

carbonate distribution will not cause a thermodynamic potential drop. This analysis suggests that 

a large part of the potential drop caused by carbonation is due to larger electrochemical 

overpotential rather than difference in pH.891 More work is needed to elucidate the influence of 

carbonation on HOR and ORR in AEMFCs. 

Besides a fundamental understanding of carbonation, practical methods to eliminate or reduce 

the influence of CO2 in air are also important for realistic applications. Removing the CO2 out of 

air in advance to avoid AEMFC carbonation is one possible way. Recyclable CO2 removing is 

feasible via both thermochemical and electrochemical methods.892 Yan and coworkers have 

proposed an electrochemical-driven CO2 separator (a CO2 scrubbing device) that is able to remove 

98% of CO2 from air.891 CO2 elimination in a fuel cell stack is expected in future AEMFC 

applications. 

In AEMFC carbonation research, further study is required to understand the influence of 

carbonate on electrochemical reactions. CO2 removal to eliminate the performance loss is also 

possible in the foreseeable future. 

7.5. Water Management in MEAs
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In PEMFCs, the impact of water has been widely investigated and most of the efforts have been 

dedicated to mitigating the “water flooding” phenomenon at the cathode, to enhance the fuel cell 

performance.894 In contrast to PEMFCs, water in AEMFCs is produced in the anode and consumed 

as one of the reactants in the cathode side during MEA operation (Figure 64A). There are two 

ways for water to flow between those two electrodes; one is a water gradient caused by the back-

diffusion of water from the anode to cathode and the other is electro-osmotic drag, resulting in 

water transport from cathode to anode.895 Additionally, cationic groups in the AEMs have a lower 

degree of dissociation than in PEMs at low water contents, leading to anion transfer resistance 

being more sensitive to the hydration level in the electrode and membrane.896,897 Thus, the intrinsic 

water imbalance will simply lead to the anode flooding and cathode dry-out under AEMFC 

operation. 

Figure 64. (A) Water imbalance in an AEMFC. (B) Illustration showing the balance between the degree of 

water transport and reacting gas dew points. (A) is reprinted with permission from ref 895. Copyright 2020 

Springer Nature. (B) is reprinted with permission from 868. Copyright 2018 Elsevier.
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Cell operation conditions, such as cell temperature, backpressure, and inlet gas dew point have 

been widely tuned to optimize the water balance to achieve a better fuel cell performance. A higher 

cell temperature enhances the catalytic kinetics and the membrane conductivity and thus a higher 

MEA performance, while it also plays an important role on the water management in the device.898 

Recent experimental results revealed that the water diffusion coefficient in the membrane is 

positively correlated to the cell temperature.362,899 The higher water permeability will help to 

mitigate the anode flooding issue and provide sufficient hydration to both the membrane and 

cathode. Additionally, in the gas diffusion layer, a higher cell temperature can accelerate the water 

transport by shear force and water evaporation removal process at a higher water vapor pressure 

gradient and effective diffusivity.900,901 Backpressure of inlet gas is another parameter that 

contributes to the water management in the cell. Equal backpressure should always be applied in 

the cathode and anode to avoid physical damage to the membrane. But a pressure gradient between 

the anode and cathode brings about a larger liquid water permeation rate leading a higher fuel cell 

performance.902,903 However, the anode under a higher inlet gas pressure will cause a flooding 

issue by retarding the water evaporation due to a higher boiling point of water at a higher gas 

pressure.864 Changing the electrodes inlet gas dew point can directly affect the water accumulation 

in both the cathode and anode. As shown in Figure 64B, reducing the dew point of the hydrogen 

gas in the anode can increase water evaporation rate and mitigate the flooding issue.864  In the 

cathode, maintaining a sufficient dew point of inlet gas provides enough humidity to avoid 

membrane and electrode dry-out. While under high current density, reducing the dew point of the 

inlet gas in the cathode is necessary to avoid possible flooding issues caused by the excess water 

back diffused from the anode.866

Studies on point-by-point polarization curves already have demonstrated that the optimized 

operating conditions are current-dependent and not applicable to the real cell operation.904 In 

MEAs, water transfer event occur in both the membrane and catalyst layer where the catalyst-

ionomer and ionomer-membrane interfaces play an important role on the water transport across 

different cell components.895,868 In addition to the membrane structure reviewed in Section 6.2, the 

thickness of the membrane also affects the fuel cell performance and durability.905 A thinner 

membrane not only reduces the membrane ionic resistance, but also influences the water dynamics 

of the cell.906 With a constant membrane water diffusion coefficient, a thinner membrane will 

benefit the water flux from the anode to the cathode, lowering the mass transport losses under high 
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current density conditions.866,906 However, a study by Holdcroft and coworkers reported that the 

water diffusion resistance at the vapor/membrane interface did not correlate to the thickness of the 

membrane. The calculated interfacial water permeation coefficient of the membrane was 

magnitudes lower than through the bulk membrane, suggesting that the membrane interface plays 

a crucial role in the permeation of water through the membrane.907 

Figure 65. (A) (Top) Water droplet contact angle on ultrathin (100 nm) Nafion films (right) and Nafion 

Membrane (left). (Bottom) Illustration of the evolution from a hydrophilic to hydrophobic surface with 

increasing thickness, based on bundles of ionomer chains. (B) Stability test of APEFCs using different 

anode ionomer and operated under a dead-end anode mode. Dry H2 was fed into the cells and gas outlet of 

the anode was sealed. The inset presents the contact angle of water droplets on the surface of the anode side 

of the CCM (blue: QAPAF; orange: QAPPT). (A) is reprinted with permission from ref 917. Copyright 

2013 American Chemistry Society. (B) is reprinted with permission from 912. Copyright by the authors 

2020 Elsevier.

In AEMFCs, the ionomer often has the same polymer structure as the membrane to ensure the 

membrane/ionomer compatibility.908 However, studies on PEMFCs have exhibited different 

performances between the ionomer thin film, and membrane film, based on the orientation of the 

polymer chains. As shown in Figure 65A, the drop in the contact angle decreased from more than 

100° on a Nafion thin film to only 20° on a Nafion membrane.908 Grazing Incident Small-Angle 

X-ray Scattering (GISAXS) was used to study different thin film polymer chain arrangements with 

different polymer film thicknesses.909 Recently, researchers found that the polymer chains in thin 

film of ionomer were parallel to the Si substrate, which blocked water and ion transfer.910 Thus, it 

is not appropriate to speculate on the water properties of the ionomer based on the membrane 

directly. The modeling study of the saturation jump effect in AEMFCs exhibited a lower contact 
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angle in the cathode catalyst layer, which improved the fuel cell performance by maintaining an 

interfacial hydration layer and helping the water injection into the cathode.911 Because of the high 

coverage of the ionomer on the catalyst particle, the contact angle of the catalyst layer can partially 

reflect the water properties of the ionomer, and could serve as one of the measurable parameters 

for further studies of water and its managements. Zhuang and coworkers applied different 

ionomers in the anode and recorded the contact angle to study the impact of hydrophilicity of the 

catalyst layer on fuel cell performance (Figure 65B).867 They showed that a hydrophobic, fluorine-

containing ionomer in the anode, can benefit water management and enhance the cell performance. 

Kim and coworkers applied asymmetric electrode ionomers to the cathode and anode and 

investigated how the different water properties of the ionomers affected the water balance in the 

cell. Their study claimed that a more hygroscopic ionomer with a higher IEC is preferred in the 

anode and a less hygroscopic ionomer with a lower IEC is preferred in the cathode.877 However, 

an opposite configuration was employed in studies by Mustain and coworkers where a high fuel 

cell performance was achieved with a higher IEC in the anode and a lower IEC in the cathode. 

Those conflicting results can be explained by the differences in water permeability of the 

membranes.853 

Most of the AEMFCs papers have been focused on the development of AEMs with the use of 

commercial catalysts to optimize fuel cell performance. But few of them have investigated how 

the water properties of the catalyst layer affects the water balance in AEMFCs. Early studies on 

PEMFCs explored the impact of the catalyst layer on the water management and can provide some 

preliminary guidance for selecting the proper catalysts for AEMFCs.912 When the carbon supports 

for PGM catalysts are corroded under the high potential during the start-stop process, the carbon 

surface will form oxidized functional groups (Section 5), converting the catalyst layer from being 

hydrophobic to hydrophilic, leading to flooding issues in the cathode in PEMFCs.913 Furthermore, 

when hydrophilic catalyst supports, such as metal oxides, were applied in PEMFCs, the optimized 

performance could only be achieved under lower RH so as to minimize the flooding in the 

cathode.914,915 A significant performance difference between PEMFCs and AEMFCs was observed 

when non-PGM catalysts were used in the cathode. It suggests that the hydrophilic catalyst and/or 

support leads to cathode flooding in PEMFCs, but help maintain water in the cathode to avoid the 

dry-out processes in AEMFCs (Figure 23).608,872,916-917 
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Under applied potential, the less hydrated conditions in the cathode of AEMFCs would make 

the hydroxyl ions more reactive towards the cation functional groups, leading to a shorter lifetime 

of the membranes. The degradation of quaternary ammonium (QA) salts (discussed in section 6.1.1) 

with less hydrated OH- has been investigated, and further applied to AEMs by Dekel and 

coworkers.918–921 To quantify the extent of hydration, λ, the mole fraction of water molecules to 

hydroxide ions, is often used as a characterizing parameter. Faster degradation rates, indicated by 

NMR measurements, were observed with lower λ values.918 Figure 66A presents an ex situ study 

of OH- conductivity change over time, as an indicator for AEM stability, at conditions simulating 

the real fuel cell environment.922 Higher RH was found to be helpful in maintaining the 

conductivity and IEC of the AEMs. The influence of water content on the stability of membrane 

materials was also demonstrated by QCM studies of ionomers exposed to gas with varied humidity 

and elevated temperature.837,923 The change in viscoelasticity of the ionomer films, before and after 

the rise in operating temperature, indicates a higher level of film degradation at a lower RH. 

Figure 66. (A) Normalized true OH– conductivity of a BTMA-LDPE AEM as a function of test time (80 °C, 

100 μA, and a nitrogen flow of 500 sccm/min) at different RH levels; (B) (a) Operando in-plane neutron 

radiographic images of water in the gas diffusion layers, catalyst layers, and the radiation-grafted ETFE–

BTMA AEM in an AEMFC operating at 1.5 A cm2, 60 °C, 1.0 L min-1 H2 and O2, after equilibration at the 

following symmetric dew points: optimized (anode/cathode: 50 °C /50 °C), optimized +1 °C, the first 30 

min at optimized +2 °C, and the performance “crashed condition” seen after 30 min at optimized +2 °C; 

(b) Operando in-plane neutron radiographic images of a PFAEM-based AEMFC after equilibration at the 

following symmetric dew points: optimized (anode/cathode: 54 °C/51 °C), optimized +1 °C, optimized +2 

°C, and a recovered cell at optimized dew points and 1.0 A cm2 current density; (c) qualitative through-
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plane water distribution plots extracted from the data in (a). (A) is reprinted with permission from ref 922. 

2020 American Chemistry Society; (B) is reprinted with permission from ref 865. 2018 Royal Society of 

Chemistry.

On the other hand, the fuel cell performance and stability can be optimized by water 

management.920,924,925 Light cross-linked AEMs with high IECs and small thickness were found to 

be optimal for water transport, which supports high power densities.866 The water tolerance at the 

anode, which can be controlled by the ionomer/carbon supports/catalyst ratio, also assists in 

improving the fuel cell performance.865,926,927 The water distribution with an increase in the RH 

throughout the MEAs, with two different AEMs, was visualized by operando neutron imaging 

(Figure 66B).865 Water accumulation at the anode, which resulted in cell voltage diminution of the 

fuel cell, was observed from the through-plane water distribution plot from pixel 0 to 10 ((c) in 

Figure 66B) extracted from the neutron radiographic images ((a-b) in Figure 66B). Nevertheless, 

the amount of water remained the same at the cathode (pixel 30~50). This indicates that the water 

that back diffused from the anode, maintains the hydration level at cathode, suggesting that fast 

water transport is indispensable for AEMFCs. 

Further studies on the water distribution at the interfaces and the mechanisms of water transport 

in AEMs is gaining increased attention.928-931 The humidity-dependent surface structure of a 

quaternary ammonium AEM was mapped by a phase-contrast tapping mode and conductive-probe 

atomic force microscopy.929 Water distribution profiles in AEMs coated on SiO2 and Pt substrates 

under various RH conditions have been analyzed by neutron reflectometry.931 Given more studies 

with in situ/operando measurements that combine the state-of-art analytical techniques with 

electrochemical environments, the water diffusion and balancing in AEMs will be better 

interpreted, and valuable insights will be provided in the rational design of AEMs.

7.6 Mass transport in MEAs

In addition to the interfacial charge transfer kinetics, species transport represents an important and 

complex challenge at the system level. Figure 67 shows the various transport processes of a 

cathode electrode in a typical MEA configuration.932 For the alkaline cathodic ORR to proceed, 

the simultaneous presence of oxygen and water as reactants, electrons, and pathways for 

dissipating the generated OH- are needed. Electrons can be transported to the reactive sites through 
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the catalyst itself and the conductive supports, such as high surface area carbon. Resistance, due 

to electronic transport, can be dominant at low cell current densities where the supply of other 

species are sufficient. Transporting ions to and away from the catalyst layer is carried out mainly 

by the ionomer, which is added to the catalyst suspension before coating it onto the membrane. 

However, it is possible to operate fuel cells with ionomer-free catalyst layers, such as the 3M nano 

structured thin film (NSTF) design.933 Without an ionomer conducting the ions, the primary 

transport pathway has been speculated to be through water in the pores or via surface diffusion. 

The gaseous reactant can be delivered very rapidly through molecular diffusion in the large pores 

in the GDL. Diffusion in pores smaller than the mean free path of oxygen (~100 nm) will be slower 

according to the Knudsen diffusion mechanism where the gaseous molecules collide more 

frequently with the wall than between the molecules. The presence of ionomer and water can 

introduce extra resistance to gas transport due to the lower diffusion coefficients in the liquid and 

solid phases. 

Figure 67. Overview of transport phenomena at the cathode ORR of a typical PEM fuel cell. For the 

electrochemical reaction to proceed in the catalyst layer, supplies of oxygen gas, electrons, and ions are 

required. The green dashed circle represents an agglomerate of supported catalyst and ionomer. This figure 

is reprinted with permission from ref 932. Copyright 2011 The Electrochemical Society. 
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Transport within the catalyst layer is a complex problem because not only are the transport 

media not totally independent of one another, but the transported species are also sometimes 

correlated. For example, filling of the pores with ionomers will facilitate the transport of ions but 

diminish the available space for gas diffusion. In addition to being one of the reactants, water 

assists in the transport of ions but retards that of gases. This section reviews the current 

understanding of transport of gases and ions in the catalyst layer with MEA configurations that 

mostly pertain to PEM fuel cells, which are the most well studied system. Much of this knowledge 

is expected to be transferable to AEMFCs. Water-related transport has been discussed above and 

so will not be covered in this section. 

Compared to the transport of ions in bulk membranes on length scales of tens of micrometers, 

much thinner ionomer films (< 50 nm) with drastically different structures and properties are 

expected to exist in the catalyst layer. Generally, thinner Nafion films tend to form a lamellar 

structure with less phase segregation and fewer water channels.934-937 The ionic transport is mainly 

through surface diffusion rather than by a fast hopping process, resulting in a lower ionic 

conductivity. Studies with thin Nafion films formed on SiO2 particles have shown a higher 

activation energy than the bulk membranes when the film thicknesses are below 50 nm (Figure 

68A).936 The hydrophobic domains of perfluorocarbon-based ionomers, such as Nafion, have a 

higher affinity for nonpolar gases (including oxygen) than its hydrocarbon counterpart. The net 

result is improved permeability in perfluorocarbon-based ionomers than in other types.35, 938-940 

This property of Nafion has recently been explored in an alkaline CO2 electrolyzers (Figure 

68B).941 When the Nafion ionomer, dissolved in a polar solvent such as methanol, is coated onto 

a Pt catalyst surface, the hydrophilic -SO3
- domains preferentially attach to the Pt and the 

hydrophobic -CF2 domains form continuous percolating channels. The latter hydrophobic channels 

promote the fast transport of gaseous reactants. This new design enables a deeper penetration of 

CO2 along the catalyst/ionomer interface, resulting in a CO2 electrolyzer that reaches over 1.5 

A/cm2 as its limiting current density. 
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Figure 68. (A) Proton conductivity measurements of a Nafion film adsorbed onto a SiO2 surface (right); 

the left part shows the agglomerate structure in the PEM catalyst layer. The structure and properties of the 

ionomer film were found to be different from those of the bulk Nafion film (10s microns). (B) Schematic 

of a thin ionomer film on a Pt catalyst layer wrapped around a PTFE fiber (left); Nafion ionomer extends 

the hydrophilic SO3
- domain over the catalyst layer and the backbone provides fast transport pathways for 

nonpolar gases such as CO2 (right). (C) The presence of ionomer may impede gaseous transport. The effect 

is more severe at low catalyst loading and low dispersity. The catalyst layer with diluted Pt/C shows much 

higher O2 transport resistance because the effective ionomer surface area is reduced (top), compared to the 

sample with a uniform Pt distribution (bottom). Note that the two samples have the same Pt loading. (D) A 

water-filled pore scale model to account for the transport of protons in water. Proton transport is also 

assisted by the surface charge of the Pt wall under certain conditions. (A) is reprinted with permission from 

ref 936. Copyright 2011 Elsevier. (B) is reprinted with permission from ref 941. Copyright 2020 American 

Association for the Advancement of Science. (C) is reprinted with permission from ref 946. Copyright 2013 

The Electrochemical Society. (D) is reprinted with permission from ref 953. Copyright 2010 The 

Electrochemical Society. 

When the thin ionomer film covers the entire surface of the supported catalyst particle, it can 

dramatically increase the gaseous transport resistance,942–944 particularly in systems with low 

catalyst loading and low dispersity.945,946 As shown in Figure 68C, catalyst layers with the same 

catalyst loading but lower dispersity, by doping with innocent carbon support, result in a much 
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higher gas transport resistance. Regions with denser catalyst particles have a larger oxygen flux at 

the catalyst/ionomer interface than bare carbon surfaces, which essentially decreases the effective 

ionomer surface area.945–947 The origin of the resistance might be the sluggish diffusion across the 

thin film itself, which leads to a lower partial pressure of the gases at the catalyst surface. 

Alternatively, it can result from the slow chemical adsorption of the gas at the ionomer/pore or 

ionomer/catalyst interfaces.945 Quantification of the ionomer-induced transport resistance can be 

done through temperature and pressure-dependent limiting current measurements. The rate of 

molecular diffusion in the GDL has a small dependence on temperature but larger dependence on 

pressure, whereas the extra resistance from the ionomer film is largely independent of pressure in 

the gas channel.932,948 Assuming an ideal uniform ionomer coverage, a balance between gas and 

ion transport has to be considered as the ionomer generally facilitates ionic conduction but slows 

down gas transport.942 Strategies to improve the transport properties of ionomers include adding 

spacers between backbone chains473 and modulating the side chain length.949

The effect of water on the transport of ions and gas can be similar to that of ionomers. The water 

film impedes the transport of gaseous reactants but facilitates ionic transport either by itself or by 

connecting the discontinuous ionomer network. Water can be absorbed by the added ionomers or 

condensed on the surface of the support, and the effect of water thus depends on the structure of 

the support and the amount of ionomer. For example, the abundant micropores in the Ketjen Black 

(KB) carbon serve to condense water from the vapor phase.950,951 As a result, it shows a larger 

performance loss with low ionomer loading at lower RH, because it relies more on the densified 

water inside the micropores to conduct protons. By comparison, Vulcan carbon has a more solid 

structure with fewer micropores, leading to a smaller dependence on RH, although Pt NPs on solid 

Vulcan are subjected to more severe particle aggregation/coalescence, relative to KB. Utilizing 

water to conduct ions can be essential for achieving high performance fuel cells with low catalyst 

loadings.842 The deposition of Pt nanoparticle (NP) catalysts inside the micropores (< 4 nm) has 

been confirmed, but the role of these catalysts is not clear. The narrow pores in KB prevent the 

penetration of ionomers from reaching the catalyst surface, leading to inaccessible catalyst regions 

during operation due to the lack of ionic species (Figure 29).617,660 However, it has also been shown 

that the absence of direct contact between ionomer and the catalyst surface is beneficial because 

of the poisoning effect of adsorbed sulfonate groups on the reaction kinetics.842 Pt catalyst particles, 

deposited inside but close to the openings of the micropores might be even more active as long as 
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the transport of ions and gases can be ensured. In this scenario, the transport of ions could be 

achieved by the condensed water film on the support. A similar mechanism has been invoked to 

explain ionic transport in the catalyst layers without ionomers, such as in the 3M NSTF 

electrode.933 Ions are thought to be conducted through diffusion either along the catalyst surface 

or within a thin water film. The conductivity of protons in the water film can be orders of 

magnitude larger than that of pure water, which can be explained by surface charge assisted 

transport.952 Water filled pore scale models are often used to simulate the microscopic transport 

processes (Figure 68D).953 The models consist of a Pt cylindrical pore and hollow center filled 

with water. One end of the pore connects to the proton exchange membrane that supplies the proton 

source which then enters into the pore. The transport of the positively charged proton is 

significantly enhanced if the Pt wall is negatively charged. The surface charge of the Pt surface 

depends on the applied potential as well as the potential of zero charge (pzc), as discussed in 

Section 4. Whether or not a similar transport mechanism exists on the carbon support is an open 

question as the carbon surface is more hydrophobic and may have a different charging behavior 

than the Pt surface. 

Beyond the working principles of each individual component at the microscopic scale, the 

efficient operation of the catalyst layer also depends on the appropriate arrangement of different 

components. Both the ionomer and the catalyst/support form secondary aggregates in the catalyst 

ink, the structure of which is at least partially preserved in the catalyst layer. Most of the methods 

to control the catalyst layer structure thus far have focused on tuning the compositions and 

conditions in preparing the ink.954–956 For example, a study using different ratios of water and either 

1-propanol or 2-propanol showed that much better fuel cell performance can be achieved if the 

cathode catalyst layer is deposited from the ink suspended in 16 wt% water plus 1-propanol.954 

Replacing 1-propanol with 2-propanol leads to much larger aggregates in the suspension and 

results in non-uniform micro-sized patches of ionomer distribution. The higher performance was 

mainly ascribed to facilitated gas transport due to the uniform ionomer coverage since the proton 

conductivity does not change appreciably with different solvents. The smaller ionomer aggregates 

in the water/1-propanol mixture tend to occupy the micropores in the catalyst/support aggregates. 

It is possible to adjust the ionomer aggregation size using the different affinity of solvents for the 

Nafion perfluorinated backbone. By increasing the amount of dipropylene glycol in the solvent 

mixture with water, the hydrodynamic radius of the ionomer aggregates shrinks to the nanometer 
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regime because of the higher affinity of dipropylene glycol for the ionomer.956 Interestingly, an 

optimal aggregate size was found because even though small ionomer aggregates help to establish 

a uniform coverage, they can also clog the micropores if their size passes a certain threshold. For 

achieving the best fuel cell performance, the size of the ionomer aggregates needs to match well 

with that of the catalyst/support. In addition to the use of isopropanol under conventional 

conditions, supercritical fluids made from isopropyl alcohol with water as a co-solvent were also 

used to prepare ionomer solutions that contain small colloidal particle sizes. The resulting catalyst 

layer showed improved proton conductivity and durability under accelerated stress testing, which 

could be explained by the effective proton transport pathways and the high crystallinity of the 

ionomers deposited under supercritical conditions.844 

Figure 69. (A) Proposed structure of Nafion ionomer with (left) and without (right) Pt on the exterior 

surface of the carbon support. The aggregate with Pt on the surface is more hydrophilic. (B) The fuel cell 

performance of Pt/C and Pt/C-NHx, where the C-NHx represents a carbon sample with N doping. The 

positively charged NHx center allows for a more uniform coverage of Nafion coverage (middle right). (A) 

is reprinted with permission from ref 957. Copyright 2011 Springer. (B) is reprinted with permission from 

ref 960. Copyright 2017 The Electrochemical Society.  

In addition to the various physical processing conditions, the organization of ionomers and the 

catalyst/support in the catalyst layer also depend on the surface chemistry of the support. The 

interaction among Pt, carbon, and ionomers have been studied using simulation tools.957,958 

Molecular dynamics simulations of the catalyst layer suggest that the presence of Pt catalysts on 

the carbon support disrupts the ionomer network and thus affects proton transport (Figure 69A).957 

Pt/C aggregates are more hydrophilic than the pristine carbon surface, inducing more SO3
- groups 
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and water molecules to orient towards the aggregated particles. In comparison, carbon surfaces 

without Pt interact mainly with the hydrophobic domains of the Nafion ionomer. Similar effects 

have been found for carbon supports with functional groups. A simulation study indicated that 

surfaces with hydroxyl groups enhance the adhesion of the Nafion film while epoxidation lead to 

partial film delamination.958 The amount of surface oxygen in the carbon support also changes its 

interactions with the ionomers. For example, carbon surfaces with minimal oxygen content 

preferably interact with the hydrophobic domain of the Nafion ionomer.959 The best fuel cell 

performance was observed with supports of intermediate surface oxygen content because both 

proton and oxygen transport are ensured by having both the hydrophobic and hydrophilic domains 

attached to the support. Incorporating NHx groups into the carbon support through oxidation and 

amination processes allows for a more uniform ionomer coverage because of the coulombic 

interaction between the positively charged NHx centers and negatively charged –SO3 domains in 

the ionomer (Fig. 69B).960 The NHx functionalized carbon support showed decreased pressure-

independent O2 transport resistance due to the thinner and more uniform ionomer film, which also 

provides continuous ionic pathways to the catalytic sites.843,960 

Agglomerates consisting of Pt, carbon, and ionomers have been proposed to explain the mass 

transport resistance at high current densities.961,962 The agglomerates are usually thought to be 

aggregates of supported catalysts with ionomers or water filling the voids, and sometimes the 

aggregates are covered by a thin layer of ionomer. The model assumes a first order reaction of 

oxygen gas in the ORR and couples it to a diffusion process. Analytical solutions to the coupled 

equations are possible if the ionic transport is ignored, leading to an effective factor that depends 

on the radii of the agglomerates and the ratio between the ORR kinetics and the effective diffusion 

coefficients. These extra parameters could allow for better fitting between the simulated and 

experimental data.963 A more comprehensive numerical model suggested that there are significant 

variations in overpotential and reaction rates inside the agglomerates, with the distribution 

depending on the proton conductivity, oxygen dissolution kinetics, and the oxygen reaction 

order.942 The connectivity of the agglomerates in the catalyst layer is also an important factor in 

transporting ions and gaseous reactants. A bottom-up particle packing approach based on a random 

walk method was used to study the connectivity of carbon black aggregates in the catalyst 

layer.964,965 The model predicted a fourth power dependence of the effective oxygen diffusion 

coefficient on the porosity, due to the combined effect of the surface morphology of the 
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reconstructed carbon particle and Knudsen diffusion. The importance of connectivity is also 

experimentally confirmed by the different oxygen transport resistance in two agglomerates with 

the same volume and ionomer but different aspect ratios.966 The one with a smaller aspect ratio, 

i.e. the more spherical shape, showed lower local O2 transport resistance due to the shorter average 

diffusion distance for catalysts in the core region. 

When integrated into the fuel cell, the catalyst layers on the membrane are interfaced with the 

GDL that, under compressive pressure, partially registers the structure of the flow fields. As a 

result, there are variations in the conductivity, reactant supply, and the reaction rate, along the 

directions both into and perpendicular to the catalyst layer. For example, with a serpentine flow 

channel, the maximum current density shifts from under the wall at lower overpotentials to under 

the channel at higher overpotentials because the transport of oxygen gas becomes rate limiting at 

high overpotentials and the catalyst closer to the channel has easier access to it.967,968 For a similar 

reason, maximum reaction rates are found to be near the catalyst layer/membrane and catalyst 

layer/GDL interface at low and high current densities, respectively.969 Due to the variations in 

current densities, strategies to create a distribution of compositions in the catalyst layer have been 

found to improve the fuel cell performance under certain conditions. Generally, structures with 

more ionomer at the catalyst layer/membrane interface allow for facilitated transport of protons, 

while at the catalyst layer/GDL interface less ionomer results in more pore space that is beneficial 

for oxygen transport.970-973 The local performance at the catalyst layer/membrane and catalyst 

layer/GDL interfaces worsens due to the decreased oxygen and proton sources. However, a net 

increase in the overall fuel cell performance can be obtained when the gain is in the center of the 

catalyst layer due to improved supply of both protons and oxygen, and it surpasses the losses at 

the edges of the catalyst layer.

7.7 Summary

In conclusion, AEMFCs performances have advanced enormously in recent years, significant 

progress has also been made to improve the initial performance of stability of AEMFCs. 

Developing non-PGM ORR and HOR electrocatalysts and highly conductive and stable 

membranes/ionomers remain as the primary challenges in AEMFCs. CO2 removal and optimal 

water management are required to eliminate AEMFC performance losses is realistic CO2-

containing and low RH operating conditions, and understanding the water management and mass 

transport at catalyst/ionomer/membrane interfaces is instrumental to maintain optimal 
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performance at large current density. Future AEMFC development should employ more practical 

testing conditions, including lower gas flow rates (especially hydrogen fuel), using air in the 

cathode, and a larger active area. Achieving low-PGM and ideally non-PGM AEMFCs with stable 

operation in air for thousands of hours will be the ultimate goal in AMEFC development. 

8. OPERANDO AND IN SITU CHARACTERIZATIONS
In this section, we review operando/in situ characterization techniques, specifically the use of 

synchrotron-based X-ray techniques and scanning transmission electron microscopy (STEM) to 

resolve interfacial changes at macroscopic and microscopic levels. We define the terms, “in situ” 

and “operando” as follows: In situ (Latin, on site/in position) refers to the real-time measurement 

of an (electro)catalytic process under relevant reaction conditions, versus the conventional ex situ 

(Latin, off site) measurements performed before and after reactions. In situ methods need to take 

into account the operating conditions of instruments (e.g. low temperature, high vacuum), which 

often deviate from the optimal (electro)catalytic reaction conditions (e.g. elevated temperatures 

and pressures under gas/liquid environment). Operando (Latin, operating/working) refers to the 

measurement of a working (electro)catalyst under the same reaction conditions as those inside a 

catalytic reactor or an actual operating device. Operando methods minimize the experimental gap 

in measurement conditions between instrumental requirements and realistic (electro)catalytic 

reactions. The term “operando spectroscopy” was first proposed by Bañares, Weckhuysen and 

others in 2002 as an alternative for “in situ spectroscopy” to emphasize the importance of 

maintaining working conditions of (electro)catalysts in a regular reactor/device.971,972 The term in 

situ has been widely used by many researchers for the past decades since the real operando 

measurements often required considerably more complexity in device design and are just emerging 

in the literature. This section serves as an overview of the development of in situ/operando 

techniques in electrocatalysis, and highlights the revolutionary transition towards operando 

approaches. For detailed reviews on operando/in situ X-ray and TEM techniques, interested 

readers are also encouraged to read recent comprehensive reviews by Toney et al.973,974 as well as 

our reviews.18,446

8.1 Operando Synchrotron-Based X-ray Methods under Electrochemical 

Conditions
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X rays have three characteristics that make them ideal probes for in situ/operando studies of 

electrocatalysts in aqueous and gaseous environments: (1) large penetration depths (tens of 

micrometers to several millimeters), (2) low interference with a material’s functionality, and (3) 

structure sensitivity over a wide range of length scales. Modern synchrotron X-ray facilities deliver 

exceptionally high flux, fine collimation, small spot sizes, and continuously tunable X-ray energies. 

There are a wide variety of synchrotron-based X-ray techniques which are well matched to 

studying electro-catalysis. Here, we have chosen three techniques to illustrate how synchrotron X-

ray techniques can be used to advance our understanding of electrocatalysis: (1) X-ray absorption 

spectroscopy (XAS) in conventional mode and high energy resolution fluorescence detection 

(HERFD) mode, (2) crystal truncation rod (CTR), and (3) resonant inelastic X-ray scattering 

(RIXS).

8.1.1. X-ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) measures the changes in X-ray absorption or fluorescence 

as a function of X-ray photon energy. The synchrotron-based X-ray energy is sufficiently high to 

excite core-level electrons to higher-level unoccupied states and the X-ray absorption process 

follows the Beer-Lambert law. An XAS is composed of three regions; the pre-edge region, X-ray 

absorption near-edge structure (XANES) as well as the extended X-ray absorption fine structure 

(EXAFS). The XANES region covers a range from the adsorption edge/near-edge to ~50 eV above 

the edge, which contains rich information in atomic positions, occupancy of orbitals, site symmetry 

and electronic configuration. Located further away above the edge, the EXAFS region extends 

from around 50 eV up to 1000 eV. Oscillations in the absorption coefficient dominate the EXAFS 

region, which originate from the interference between the outgoing and backscattered electron 

waves ejected from the absorbing atoms. The amplitude and frequency of the EXAFS oscillations 

can offer valuable information about near-neighbor distances, coordination numbers and elemental 

identities. The EXAFS signal is dominated by single electron, single scattering events in which 

the plane wave approximation is valid. The EXAFS, with appropriate phase correction and fitting 

procedures, can lead to the determination of interatomic distances and coordination numbers with 

an accuracy as good as ± 0.02 Å and ± 20%, respectively.18,974 In contrast, the XANES signal is 

dominated by multiple scattering events near the absorption edge and adapt a spherical 
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photoelectron wave approximation, which requires rather sophisticated theoretical modeling. An 

in-depth analysis of the XANES and EXAFS spectra can be found in two early reviews.446,975 

Figure 70. (A) Schematic of an operando XAS electrochemical cell with a working electrode (WE, catalyst 

on carbon paper) and counter electrode (CE, carbon rod) immersed in 1 M KOH. (B) Operando XANES 

spectra at the Mn K-edge of the Mn-Co-Fe trimetallic spinel oxides (solid lines) and the reference 

manganese oxides (dashed lines). Inset shows the calculated average metal valence as a function of potential. 

(C) Periodic changes of the relative X-ray intensities (ln(I1/I2)) at 6553 eV (Mn K-edge), 7225 eV (Co K-

edge), and 7131 eV (Fe K-edge), respectively, as a function of the cyclic potential. The upper inset shows 

the corresponding CV at 1 mV/s from 0.15 to 1.2 V vs. RHE. (A-C) are reprinted with permission from 

refs. 469,470. Copyright by the authors 2019 American Chemical Society.  

Synchrotron-based XAS studies can provide valuable insights for the reaction mechanisms of 

metal-based electrocatalysts. The success of implementing an operando XAS experiment relies on 

the customized electrochemical cells designed for the target electrocatalytic reactions.975 XAS 

measurements are often performed in a transmission mode as shown in Figure 70A.469,470 The 

sample thickness needs to be optimized to yield the maximum change in the absorbance while not 

being too thick as to minimize background absorption. A typical X-ray absorbance is in the range 

of 0.3-1.0, depending on the elements of interest and sample thickness and can be estimated if 

given the X-ray absorption cross sections. In an electrochemical cell, the total thickness of the 

electrolyte and catalyst support needs to be sufficiently thin to minimize background absorption 

and scattering while not being too thin to cause undesirable iR-drops in the electrochemical 

measurements, which is critical for high-quality XANES/EXAFS signals. For instance, the total 

thickness in the customized cell in Figure 70A was designed to be below 200 μm, with a catalyst 

layer of less than 50 μm. The reference electrode (RE) was connected through a salt bridge to 
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minimize the iR-drop (Figure 70A).469 It is critical to realize that X-rays can cause radiation 

damage to the catalysts, electrolytes and other parts of the cell. Strategies have been reported to 

effectively mitigate such radiation damage to ensure rigorous electrochemical measurements, such 

as lowering the incident intensity, constantly flowing fresh electrolyte and translating the X-ray 

illuminated area. For thick samples, or low elemental concentrations in thick catalyst supports, 

XAS measurements should be performed in a fluorescence mode, in which the fluorescence 

detector is placed perpendicular to the incident beam direction, to minimize the effects of Compton 

scattering.976 

Operando XAS has been extensively used to study changes in precious metal-based 

electrocatalysts for the ORR,977-982 non-precious metal oxides for water oxidation983-985 and CO 

oxidation986 among many other electrocatalytic reactions. Recently, it has also been used to study 

M-N-C electrocatalysts for the ORR in alkaline media.541,987 Early operando XAS studies of 

MEAs by Smotkin, Mukerjee and others have provided valuable insights into the structural 

changes of catalysts during fuel cell operation, when compared to the widely used half-cell 

design.988-990 The high penetration depth of high energy X-ray beams enables XAS as a unique 

technique to performed time-resolved studies on reaction kinetics of Pt-based ORR electrocatalysts 

in realistic MEA devices.991,992 Abruña and coworkers recently employed operando XAS to 

investigate the ORR mechanisms of the aforementioned Co-Mn bimetallic spinel oxide catalysts 

in alkaline media (Figures 22,23) Operando XANES was used to monitor the oxidation state 

changes of Co and Mn not only under steady state (constant applied potential) but also under non-

steady state (potentiodynamic, CV) conditions.469 Rapid X-ray data acquisition, combined with a 

slow sweep rate in CV, enabled a 3 mV potential resolution, approaching a non-steady state. 

Changes in the Co and Mn valence states were synchronized and exhibited periodic patterns that 

tracked the cyclic potential sweeps. The non-steady state study suggested possible synergistic 

effects between Co and Mn, which may explain the superior ORR activity of the bimetallic Co-

Mn spinel electrocatalyst over the monometallic oxide counterparts. Operando XANES and 

EXAFS were employed to investigate the structural roles of a more durable Mn-Co-Fe trimetallic 

oxide under electrochemical conditions.470 As shown in Figure 70B, the XANES spectra of the 

Mn K-edge of Mn-Co-Fe spinel oxides exhibited progressive changes in local electronic structures 

under various applied potentials (vs. RHE). The main absorption Mn K edge at around 6560 eV 

corresponds to the excitation of Mn 1s core electrons to unoccupied 4p orbitals. The shoulder peak 
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at ~6553 eV exhibits a higher intensity and a progressive shift to lower energies and when the 

applied potential decreased from 1.2 to 0.2 V, indicating the reduction of Mn at more negative 

potentials. The linear combination fitting analysis of Mn XANES spectra with pure Mn oxide 

references quantitatively showed that the average Mn valences continued to decrease from 2.58 to 

2.23 when the potential decreased from 1.2 to 0.2 V (Figure 70B, inset). In comparison, the Co 

valences decreased from 2.25 to 2.00, suggesting Co is fully reduced to CoO(II), when the potential 

decreased from 1.2 to 0.6 V, and remained at 2.00 as the potential was further lowered to 0.2 V. 

The average Fe valence remained virtually unchanged at 3.00 over the entire potential range, 

indicating that Fe was chemically stable, even under a strong reducing environment in alkaline 

media. The changes in relative X-ray absorption intensity at characteristic energy values of Mn, 

Co and Fe were used to represent the relative changes in metal valences (Figure 70C). Mn and Co 

valences changed synchronously under applied potentials with intensity increases and decreases 

in a periodic fashion, corresponding to reduction and oxidation of those two elements, respectively. 

The highest and lowest X-ray intensities are marked by two boundary potentials of 0.28 and 1.12 

V, respectively, which are fully consistent with the potentials separating oxidation and reduction 

currents at 0.28 and 1.12 V, respectively (Figure 70C inset). In sharp contrast to Mn and Co, the 

oxidation state of Fe remained virtually constant during the potential cycles. This shows that the 

fast-tracking strategy, described here, is capable of accurately monitoring dynamic changes with 

an mV-level potential resolution. The authors thus proposed a collaborative effort among Mn, Co, 

and Fe, in which Mn and Co serve as the synergistic co-active sites and result in the observed high 

ORR activity in alkaline media, while Fe works to maintain the structural integrity of the spinel 

oxides, likely contributing to the remarkable durability of the Mn-Co-Fe catalyst. Additionally, 

operando EXAFS showed the changes in Mn-O interatomic distances under applied potentials. 

The Mn-O atomic distance (no phase correction) increased from 2.23 to 2.58 Å as the potential 

decreased from 1.2 to 0.2 V. The longer Mn-O interatomic distance is consistent with a gradual 

decrease in the Mn valence at more reducing potentials. Similar changes in the Co-O distances 

occurred while Fe-O showed no appreciable changes across all potentials, again confirming that 

Fe serves as the stabilizing element to help maintain the structural integrity of the spinel structure 

and enhance long-term durability in alkaline media. 

8.1.2. High Energy Resolution Fluorescence Detection (HERFD) XAS 
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Although XANES is extremely useful for measuring electronic structures, fundamental physics, 

specifically, the lifetime of the core-hole, limits the energy resolution of XANES.993 A core-hole 

is generated when an atom transitions to an excited state by absorbing an X ray. The core-hole is 

subsequently annihilated when the atom relaxes as an electron from a higher state fills in the core-

hole. This process leads to a finite lifetime of core-holes ( ), and causes the energy broadening Γ ∆𝑡
in XANES, based on the energy-time uncertainty principle . Generally, the effect of 𝛤 = ħ/∆𝑡
lifetime broadening on XANES spectra behaves like a convolution with a Gaussian/Lorentz 

function with a finite width Γ, and thus reduces the peak intensity and broadens the linewidth of 

features, such as pre-edge peaks, making it difficult to quantify such structural information. Since 

the finite lifetime of a core-hole is intrinsic to X-ray absorption, the broadening is present no matter 

whether in transmission mode or total fluorescence detection mode. 

The pioneering work994 by Eisenberger et al. demonstrated that using fluorescence XAS and 

collecting fluorescence within only a narrow energy range near the resonance energy (such as Kα) 

can significantly reduce the lifetime broadening. The method is now called High Energy 

Resolution Fluorescence Detection of XAS (HERFD-XAS). In practice, this method is realized by 

replacing a conventional solid-state fluorescence detector (e.g., Vortex), which has a typical 

energy resolution of more than 150 eV, with a single crystal analyzer to achieve an energy 

resolution on the order of 1 eV. The throughput and energy resolution are optimized using several 

spherically-bent crystals near back scattering in the Rowland circle geometry. A schematic of the 

experimental setup is shown in Figure 71A.995 Using this high resolution analyzer, HERFD-XAS 

effectively reduces the core-hole broadening to less than 2 eV. The reduction of lifetime 

broadening in HERFD-XAS can be understood using a simple model provided by Glatzel et al.996 

Briefly, this model calculates the fluorescence caused by an electronic transition between two 

states: a core-hole state with shorter lifetime ( , K-shell) and higher level hole state with longer Γ𝑘

lifetime (such as , L-shell, data adopted from Mn), and plots the fluorescence as a function of Γ𝑙

the energy (Ω) of the incident X-ray and the net energy transfer (Ω-ω), where ω is the energy of 

the emitted photon. Elastic scattering corresponds to . As shown in Figure 71B, the 𝜔 = 0

horizontal and vertical broadening of the fluorescence is solely caused by the lifetime of the core-

state ( ) and of the higher state ( ), respectively. Using this calculated 2D-RIXS spectrum, we 𝛤𝑘 𝛤𝑙

can understand why constant emission energy (CEE) spectra produce sharper features.
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Figure 71 (A) Scheme of experimental setup for HERFD-XAS. The black circles and arrow mark the 

Rowland circles and its orientation. (B) Computed RIXS plane, highlighting the difference between CET: 

integrated along Energy Transfer and plot as a function of incident energy and CEE: diagonal cut containing 

the resonant peak (white dashed line in 2D RIXS pattern) and plot as a function of incident energy.  and  𝛤𝑘

 is referred as lifetime broadening of K orbit and L, M orbit. (C) Comparison of conventional total 𝛤𝑙,𝑚

fluorescence detection (top) and HERFD-XAS (bottom) at Pt L3 edge on Pt nanoparticles in three different 

atmospheres: He (black), He+O2 (red) and 1% CO/He (green). (A) is reprinted with permission from ref 

995. Copyright 2014 Royal Society of Chemistry. (B) is reprinted with permission from ref 996. Copyright 

2005 Elsevier. (C) is reprinted with permission from ref 1009. Copyright 2006 American Chemical Society. 

In CET (constant energy transfer), the measured signal is obtained by plotting as a function 

of the incident energy. When the detector has broad energy resolution (>150 eV), the measured 
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signal is obtained by integrating over ω and is the conventional XAS result. In contrast, in CEE, a 

line profile is selected along the diagonal direction ( ), so that the fluorescence 𝑦 = 𝑥 + 𝐶𝑜𝑛𝑠𝑡.

energy is a constant , which is the HERFD-XAS case. When comparing the signal  𝜔 = 𝐶𝑜𝑛𝑠𝑡.

between CET (conventional) and CEE (HERFD), CEE clearly produces a much higher signal 

contrast. de Groot et al provide a convenient equation to estimate the effective lifetime broadening 

( ) in HERFD-XAS, through .997 Thus, by selecting the fluorescence line Γ𝑒𝑓𝑓 ( 1
Γ𝑒𝑓𝑓)

2
≈ ( 1

Γ𝑘)
2

+ (1
Γ𝑙)

2

from the transition between higher orbit and core orbit, the effective lifetime will increase towards 

that of the higher orbit. Clearly, HERFD-XAS filters away a large portion of the fluorescence 

photons, and thus has an overall lower signal. This inefficiency of HERFD-XAS is clearly a 

drawback when studying systems with weak or time-resolved signals such as studies of catalysis 

under operando/in situ conditions. However, due to the continuous upgrades of synchrotron X-ray 

facilities worldwide, there is a rapidly increasing number of experiments deploying HERFD-XAS 

for mechanistic studies of catalysis.998-1008

Because of the critical role of Pt in understanding alkaline electrocatalysis, this section selects 

recent work applying HERFD-XAS to Pt and Pt-related catalysts in different forms, including 

nanoparticle, monolayer, and single atom catalysts. For Pt, XANES of the L3 edge is of strong 

interest, since it contains information on electrons excited from the 2p states to unoccupied 5d 

states and thus probes the structure and occupancy of the 5d states. Specifically, in the XANES 

region, there is an intense peak near the rising absorption edge, called the white-line. In Pt, the 

intensity and position of the white-line is associated with the electron transition from 2p3/2 to 5d 

orbitals. Any changes in the 5d states, such as re-hybridization, bonding with absorbates, and 

charge transfer, which potentially influence catalytic performance, are reflected by changes in the 

white-line. HERFD-XAS is very well suited for quantitatively characterizing these changes in the 

white-line. Figure 71C compares profiles of the Pt L3 white line measured with (a) conventional 

total fluorescence detection and (b) HERFD mode. In HERFD mode, the intensity of the white-

line is significantly enhanced and the peak width is narrower resulting in a much improved 

contrast.1009,1010 
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Figure 72 (A) HERFD-XAS of Pt L3 edge for Pt/Rh (111) in 0.01 M HClO4 as a function of potential. (B) 

Structure of Pt/Rh (111) for simulating HERFD-XAS using FEFF software. (C) Comparison between 

simulated Pt3O4 XANES and the experimental profile at 1.6 V. (D) HERFD-XAS of Pt L3 edge for Pt 

nanoparticle on glassy carbon in 0.1 M HClO4 as a function of potential. (E) Best fitted peak intensity for 

the metallic Pt and Pt oxide from HERFD-XAS as a function of potential. (F) In situ Δµ XANES for Pt in 

1M KOH flowing with N2 (top) and O2 (bottom). (A-C) are reprinted with permission from ref 1011. 

Copyright 2011 Royal Society of Chemistry. (D-E) are reprinted with permission from ref 1012. Copyright 

2012 American Chemical Society. (F) is reprinted with permission from ref 1013. Copyright 2019 MDPI.  

Friebel et al. applied in situ grazing incidence HERFD-XAS to a monolayer of Pt deposited on 

Rh (111) in 0.01 M HClO4 and captured the formation of Pt oxides above 1.0 V vs. RHE (Figure 

72A).1011 The grazing incidence X-ray geometry enhances the surface sensitivity of the 

measurement. In their studies, they observed that when the potential is between 0 to 1.0 V, there 

is no significant evolution. However, when the potential is increased from 1.0 V to 1.6 V, a larger 
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and continuous change occurs. The white-line intensity increases and the peak shifts to higher 

energy. The XANES profiles of a series of Pt oxides (α-PtO2, PtO, NaPt3O4 and Pt3O4) are 

simulated and shown in Figure 72B. Only Pt3O4 reasonably reproduces the HERFD-XAS 

measured at 1.6 V (Figure 72C). Thus, they infer that, in Pt monolayers, Pt oxidizes into square 

planar PtO4 units, similar to Pt3O4, at high potential. Merte et al observed a similar behavior in Pt 

NPs (1.2 nm) on glassy carbon in a 0.1 M HClO4 solution (Figure 72D).1012 They observed a 

continuous evolution of the white-line when the potential was held at 1.16 V for 44 min, suggesting 

that the Pt NPs are gradually oxidized from their outer surface. To characterize these in situ 

XANES profiles, they used two asymmetric modified Gaussian-Lorentzian functions to fit the 

profiles and calculated the relative portions between metallic Pt and Pt oxide, as shown in Figure 

72E. The final structure of oxidized NPs was found to contain 25-50% metallic Pt. Based on the 

evolution of fitting parameters with potential, it is convenient to divide the potential range into 

three sections: hydrogen chemisorption (0 to 0.3 V), oxygen chemisorption (0.3 to 0.96 V), and Pt 

oxide formation (>0.96 V). Kusano et al. conducted similar experiments on 2 to 4 nm Pt NPs in 

alkaline media and observed that the evolution of the XANES profiles also depended on whether 

N2 or O2 was flowing.1013 They used the change of the XANES signal Δµ to characterize the change 

of HERFD-XAS. This method first selects the XANES profile at 0.34 V as a standard, and plots 

the deviation of XANES from the standard, denoted as Δµ, at other potentials (Figure 72F). Based 

on this analysis, they proposed the formation of superoxide anions absorbed on the Pt surface when 

flowing O2 in the solution from 0.34 to 0.74 V, which is consistent with previous in situ vibrational 

spectroscopic studies (Figure 15B).
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Figure 73 (A) Experimental RIXS (solid line) and HERFD-XAS (dahed line) of Pt L3 edge. (B) Calculated 

RIXS and XAS pattern for the cluster of Pt6 without CO and with coordianted CO at three different sites: 

face-bridging, bridged and atop. (C) In situ HERFD-XAS of Pt L3 edge in the reaction environment (1000 

ppm CO, 10% O2 in He) at different temperatures. (D) Catalytic activity for CO oxidation and fraction of 

different Pt species. (E) Scheme for the reversible formation of the catalytically active Pt cluster (grey: Pt; 

yellow: Ce; red: O; dark grey: C). (A-B) are reprinted with permission from ref 1014. Copyright 2010 

American Chemical Society. (C-E) are reprinted with permission from ref 1015. Copyright 2020 Springer 

Nature.      

Another group of in situ HERFD-XAS experiments on Pt focus on surface absorption/oxidation 

in gasous environments, such as H2, CO, H2O and O2.1009-1010, 1014-1017 For example, Safonova et 

al. characterized the structure of CO absorbed on Pt monolayers on Al substrates.1009 A clear 

difference in both the intensity and the peak position of the white-line was observed in three gas 

environments: He, He with trace of O2 and He with 1% CO. Later, Glatzel et al. investigated 

adsorption of CO on Pt NPs, using the combination of RIXS and HERFD-XAS.1014 They 

integrated the 2-D RIXS pattern along the incident energy and plotted integrated RIXS as a 

function of energy transfer, together with the XANES relative to the Fermi level (Figure 73A). In 

both studies, through simulation of three different structures of CO on Pt6 cluster: face bridging, 

bridged and atop (Figure 73B), they confirmed that only the atop configuration of CO-Pt agrees 

with the experimental result of both RIXS and XANES. Cui et al.1010 investigated the surface 

oxidation of Pt NPs in an oxygen environment. They used linear combination fitting in the XANES 
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region to calculate the equivalent oxidation rate, and observed that the oxidation rate in a gaseous 

environment containing both H2O and O2 is higher than in an environment that only contains H2O 

or O2, indicating a cooperative behavior between O2 and H2O. Recently, Maurer et al. applied 

HERFD-XAS, accompanied with in situ infrared spectroscopy, on the single-atom catalytic system 

Pt on CeO2 and observed its change in electronic structures when contacting O2 and CO.1015 Figure 

73C shows the in situ XANES profiles in 1000 ppm CO, and 10% O2 in He as a function of 

temperature. The white-line continuously decreased in intensity and the position shifted towards 

lower energy as the temperature increases from 50 to 150 °C. Based on linear combination fitting 

using reference materials, the fraction of different species, such as Pt4+ and Pt2+, in the catalyst 

were calculated (Figure 73D), leading to the following scheme for the formation of an active 

catalyst for CO conversion (Figure 73E). During the initial heating, surface adsorbed O on single 

atom Pt starts to be desorbed (< 50 °C) and replaced by CO (50 to 100 °C). From 100 to 150 °C, 

Pt2+ is converted to Pt δ+-CO. Above 150 °C, the Pt atoms migrate from four-fold hollow sites to 

form small Pt clusters, which corresponds to the onset of catalytic activation for CO oxidation. 

However, in another study, an Ir single atom catalyst on MgAl2O4 was reported to be active for 

CO oxidation at similar temperatures while maintaining the single atom configuration. Through in 

situ HERFD-XAS, it was shown that the single atom Ir adsorbs CO as a ligand and forms an Ir(CO) 

complex under reaction conditions.1018
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Figure 74 (A) Comparison between conventional total fluorescence detection (dashed line) and HERFD-

XAS (solid line). (B) HERFD-XAS of Co/Fe oxides nanowire with different ratios of Co and Fe, CoFe2O4, 

CoO and Co3O4. (C) In situ HERFD-XAS pre-edge peaks of Co k-edge. Solid black line: summed fittings 

from three pseudo-Voigt profiles (green, blue and red). Green and blue peaks are observed in the pre-peak 

profile in CoOOH. (D) Optimized structure of β-H0.5CoO2. (A) is reprinted with permission from ref 1019. 

Copyright 2010 American Physical Society. (B) is reprinted with permission from ref 1020. Copyright 2020 

American Chemical Society. (C-D) are reprinted with permission from ref 1021. Copyright 2013 Royal 

Society of Chemistry.

HERFD-XAS is especially powerful in detecting weak signals, such as pre-edge peaks, in 

XANES regions which contain information about coordination symmetry, spin and ligand bonding. 

Figure 74A compares the Co K-edge in LiCoO2 under conventional total fluorescence yield 

detection (TFY, dash line) and under the HERFD-XAS (solid line).1019 In HERFD-XAS, the 

different pre-edge peaks are resolved. Budiyanto et al studied Co3O4 oxide nanowires as catalysts 

for the OER, and found that, by adding Fe, the overpotential for OER decreased.1020 With HERFD-

XAS at the Co K-edge, they observed an increase in the pre-edge feature intensity, suggesting that 

Fe incorporation increases the distortion around Co and tetrahedral Co sites (Figure 74B). Friebel 

et al. reported the in situ HERFD-XAS studies on OER of electrodeposited Co on Au (111) (Figure 

74C).1021 The initial pre-peak features at -0.03 V resemble the structure of CoOOH. With an 

increase in the potential from 0.97 to 1.77 V, an additional pre-edge peak feature appears and is 

confirmed to be a non-stoichiometric HxCoO2 phase (Figure 74D). 

8.1.3. Crystal Truncation Rod (CTR) Measurements

X-ray diffraction/crystallography (XRD) is an ideal tool for characterizing the crystal structure of 

catalysts under in situ and/or operando conditions. However, conventional crystallography 

measures the average bulk structure and is insensitive to the surface/interface structure that is 

critical for electrocatalysis. A straightforward strategy to enhance the surface sensitivity is to set 

the angle of incidence below the critical angle for total external reflection (TER). The evanescent 

wave of the TER doubles the electric field at the surface enhancing the sensitivity and has a finite 

extinction length which significantly suppresses the scattering from the bulk. Since the critical 

angle for total external reflection is experiments utilizing this strategy are called grazing ≤ 0.1°, 

incidence diffraction. TER is also frequently adopted in X-ray spectroscopy experiments to 
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enhance surface sensitivity. Here, we focus on another strategy for surface crystallography: crystal 

truncation rods (CTR).

CTRs can be understood using a simple single crystal diffraction model. For an infinite crystal, 

(in practice the crystal only needs to be larger than the coherence length of the X-ray), the 

scattering pattern consists of a three-dimensional periodic array of sharp diffraction peaks known 

as Bragg peaks. When the crystal is truncated to generate a flat surface, the diffraction peaks spread 

along the surface normal direction, turning into “rods”. These “rods” of scattering are the 

CTRs.1022-1023 In X-ray diffraction, the form factor (F) is used to express the scattering amplitude 

of a material.1024 Formally, F is the Fourier transform of the number density of electrons, . 𝜌(𝑟)

 (Equation 22);  (Equation 23)𝐹(𝑞) ≡ ∫𝑑3𝑟 𝜌(𝑟) 𝑒𝑖𝑞 ∙ 𝑟 𝐼(𝑞) ∝ |𝐹(𝑞)|2

where  is the diffracted intensity. To illustrate the origin of CTRs, we calculate the form 𝐼(𝑞)

factor  of a one-dimensional, infinite, periodic array of “atoms” with period . The situation 𝐹∞(𝑞) 𝑎

is shown schematically in Figure 75A, where the one-dimensional electron density, , is  𝜌∞(𝑧)

plotted as function of position. Fourier transforming, we obtain the form factor, , which is 𝐹∞(𝑞)

given by a series of periodic array (spacing ) of delta-function (Bragg) peaks. The details of 2𝜋/𝑎

the atomic charge distribution are mapped onto the amplitude of the Bragg peaks. This is 

conventional bulk crystallography. To create a “surface,” we multiply  by a step function, 𝜌∞(𝑧)

.𝐻(𝑧)

 (Equation 24)𝜌(𝑧) = 𝜌∞(𝑧) ∙ 𝐻(𝑧)

Multiplication in real space becomes a convolution in reciprocal space; therefore

  (Equation 25)𝐹 = 𝐹∞⨂𝐻

where  is the Fourier transform of . As shown in Figure 75A, the convolution imprints 𝐻(𝑄) 𝐻(𝑧)

the surface structure onto each Bragg peak. 
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Figure 75 (A) Electron density and form factor for truncated, semi-infinite, 1D periodic array of atoms. (B) 

Changes in CTR profile for a surface with uniform relaxation along z direction. (c) Scheme of general 

concept of direct method. (A) is reprinted with permission from ref 1025. Copyright 2020 Wiley. (B) is 

reprinted with permission from ref 1027. Copyright 1978 The Optical Society.

If the surface is not ideally truncated, we can simply add the scattering amplitude of the actual 

surface to the scattering amplitude of the ideally truncated surface and then calculate the intensity. 

In this way, ad-layers, surface reconstructions, and roughness can all be handled. Figure 75B uses 

this technique to calculate the changes to the CTR if the height of the first atomic layer is increased 

or decreased by 10% of the layer spacing.1025 The CTRs are clearly sensitive to displacements that 

are a small fraction of a lattice spacing. 
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One challenge is the quality of the surface. A successful CTR experiment requires a high-

quality single crystal with an atomically flat surface/interface (roughness within a few nm). As the 

surface roughness increases, the CTR signal decreases.1026 This explains the observation that many 

experiments without high quality surfaces do not observe CTRs. Away from the Bragg peaks, the 

intensity of the CTRs is several orders of magnitude lower than the intensity of the Bragg peaks. 

Thus, CTR experiments require a high-flux sources such as a synchrotron. However, with 

sufficiently good samples and a synchrotron, a variety of CTR experiments are straightforward. 

For example, one can use the grazing incidence diffraction and rotate the in-plane orientation of 

the sample to measure multiple (off-specular) CTRs. Alternatively, one can scan along the specular 

direction, similar to X-ray reflectivity measurements.

After data collection, the second challenge in CTR experiments is the data analysis. Though it 

is easy to calculate the CTR from a well-defined structural model, the reverse operation is not 

straightforward. The challenge arises from the fact that the phase information for the form factor 

is lost during the X-ray detection. To determine the structure, a common method is structure 

refinement through least-squares fitting. Firstly, a starting structural model is proposed. Then, 

selected structural parameters such as atomic position, occupancy and Debye-Waller factor are 

relaxed to minimize the square error. By relaxing the structural parameters via iteration, a good fit 

can be eventually achieved. Clearly, this method depends heavily on a good starting model. 

Complex structures usually require an increased number of relaxed parameters, leading to a higher 

risk of over-interpreting the experimental data. Although this procedure will give the parameter 

set which best describes the data, the experimenter must determine if the model has physical 

significance.

Another group of methods is based on iterative phase retrieval algorithms, known as direct 

methods. In contrast to structural refinement, direct methods do not rely on a good starting model. 

Instead, they extract the phase information from a known model (which could even be random), 

and use the extracted phase as the lost phase of the form factor from the experiment. This artificial 

form factor is then inverse Fourier transformed to obtain a three-dimensional electron density. This 

electron density is filtered with real-space constraints, such as removal of negative electron density. 

The filtered electron density is then Fourier transformed again to obtain a new form factor, from 

which the phase information is feds back to the next iteration. Through iteration, the algorithm 

finally reaches a structural model that is compatible with all real-space constrains and the measured 
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|F|.1028 The process is schematically illustrated in Figure 75C.1027 Several variants of direct methods 

have been developed. Three well-known examples are Coherent Bragg Rod Analysis 

(COBRA),1029 Difference Map Using the Constraints of Atomicity and Film shift (DCAF),1030 and 

Phase and Amplitude Recovery and Diffraction Image Generation Method (PARADIGM)1031.

Although these methods provide a precise model that agrees with the measured CTR profiles, 

the model is not guaranteed to yield the lowest free-energy state. Recently, Plaza et al. proposed 

an algorithm that combines structural refinement with ab initio calculation.1032 They adopted the 

Joint Density Functional Theory (JDFT) approach, which can simulate the interfaces between 

crystals and electrolytes, to guide the model refinement. A modified R factor was proposed as the 

goodness of fit measure: . The modified R factor contains two parts: 𝑅2 = 𝜒2 +
1
2𝛾∑

𝑖 = 1(𝜁𝑖 ― 𝑧𝑖)2

(1) , depends on the difference between the model and measured CTR intensity. (2) 𝜒2

, depends on the deviations between the atomic positions predicted by the model ∑
𝑖 = 1(𝜁𝑖 ― 𝑧𝑖)2

( ) and the JDFT minimum energy position  to include non-equilibrium processes and disorder. 𝜁𝑖 𝑧𝑖

The variable  determines the relative weight between CTR and JDFT.𝛾
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Figure 76 (A) Specular CTR on Pt (111) in 0.1 M HClO4 at 1.175 V vs. RHE. Three models are compared: 

ideal Pt bulk-like surface (dot-dashed), buckled 1st Pt layer (long-dashed), ClO4
- adsorbed surface (short-

dashed) and place exchanged surface (solid). (B) Cyclic voltammogram of Pt (111) in 0.1 M HClO4 (red 

dashed) and CTR intensity at (0 0 4.5) as a function of potential (blue dots) with fitted profile using two-

step error functions (blue solid). (C) Scheme of Pt (111) surface at potentials between 0.6 and 0.95 V. (D) 

Fraction of lifted Pt atoms at potentials between 1.0 and 1.2 V. (E) Cyclic voltammogram of Pt (100) in 0.1 

M HClO4 and CTR intensity at (1 1 2.1). (F) (11L) and (20L) CTRs on Pt (100) at different potentials. (G) 

Scheme of the main steps of place exchange and dissolution on Pt (100). (H) Energy scans through Pt L 

edge at anti-Bragg position on Pt (111) with and without CO adsorption. (I) Energy scans at different L 

values of CTR measured on Pt (111) at 0.85 V and 0.25 V. (J) Scheme of partially hydrated cation adsorbed 

on a Pt surface. (A, D) and (H) are reprinted with permission from refs 1034, 1040. Copyright 2002, 2006 
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Elsevier. (B-C) and (I-J) are reprinted with permission from refs 1036, 1041. Copyright 2016, 2011 

American Chemical Society. (E-G) is reprinted with permission from refs 1039. Copyright 2020 Springer 

Nature. 

CTR measurements have become a critically important tool for studying single crystal 

electrodes to characterize surface/interface reconstruction and ionic adsorption.1033-1034 In 1994, 

You et al. reported a series of in situ CTR measurements of the Pt (111) surface in acidic media 

(Figure 76A)1034-1035, and observed changes in the CTR profiles as a function of potential. Above 

1.2 V vs. RHE, the intensity of the CTR irreversibly decreased, indicating irreversible surface 

roughening. At potentials between 0.9 and 1.2 V, the structural changes were reversible, as shown 

in Figure 76B.1036 From the figure, changes in the CTR become severe above 1.0 V, yet are still 

reversible. Following this work, many CTR experiments on single crystal Pt electrodes, have been 

conducted, showing that the reversible change of the CTR on Pt (111) is caused by deformation in 

the first atomic Pt layer.1035,1037 Between 0.6 and 0.95 V, a small portion of the Pt atoms in the first 

layer are slightly buckled upwards relative to their original sites, and thus do not dramatically 

affect the CTR (Figure 76C). Between 1.0 and 1.2 V, which is termed the place-exchange region, 

a larger number of Pt atoms in the first layer lift away from the surface to form a partially occupied 

layer (Figure 76D). After removing the potential, these Pt atoms move downward and return to 

their original sites. A competing explanation for the structural changes between 0.6 and 0.95 V is 

that the surface of Pt is completely covered by a monolayer of an oxygen species.1038 This 

disagreement illustrates the fact that CTRs are sensitive to the electron density, and are not 

element-specific. Therefore, CTRs cannot distinguish between O and partially occupied Pt layers 

with a similar electron distribution. Additionally, it has been reported that the structural changes 

on a Pt (100) surface are completely irreversible, unlike the reversible structural changes on Pt 

(111) (Figures 76E-F). As shown by a recent in situ CTR study,1039 the irreversible structural 

changes are well described by a more complex Pt extraction process (Figure 76G). After Pt atoms 

are extracted from the (100) surface, they move to the neighboring sites and coordinate with four 

adsorbed O atoms, finally forming a stripe-like surface. This stripe-like surface is likely to create 

unstable surface atoms that can be dissolved in the following oxidation, making this process 

irreversible.
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The surface structure of Pt can also be influenced by the type of cation in the electrolyte.1042-

1043 A recent report by Kumeda et al. showed that the addition of hydrophobic cations to the 

electrolyte enhances ORR activity.1044 The CTR was adapted to characterize the interphase 

structure of Pt(111) in 0.1 M HClO4 containing 10-5 M hydrophobic tetra-n-hexylammonium 

cations. At low potential (0.5 V vs. RHE), the addition of hydrophobic cations does not influence 

the intensity of the CTR. However, when the potential reaches 0.9 V, the influence of hydrophobic 

cations is clear. Based on this interpretation of the CTR data, the authors claim that the 

hydrophobic cations destabilize the surface oxygen species, decreasing the coverage of adsorbed 

OH, and thus promoting the access of oxygen molecules to the surface of Pt. Pt-based catalysts 

and other classical metal electrodes have been investigated using CTR as well.1045-1049 For example, 

Stamenkovic et al. adopted CTRs to study the surface structure of highly ORR-active Pt3Ni (111) 

which shows a Pt-rich first atomic layer and a Ni-rich second atomic layer.1050 Besides metals, 

CTR measurements have been applied to single-crystal oxide electrodes.1051-1055,439 An example is 

RuO2 (110) for its promising OER activity. On the RuO2 (110) surface, it was found that certain 

CTRs (such as the 10L CTR) have less contribution from Ru in the sublayers, due to their atomic 

position, and thus respond stronger to changes in the surface oxygen positions. By measuring 

CTRs at different potentials, a clear structural evolution of the surface oxygen species on RuO2 

was proposed. For more details on these topics, the reader is referred to other literatures.439,441-

442,1056

8.1.4. Resonant surface scattering

Resonant scattering originates from the scattering where the energy of the incident X-ray is near 

the absorption edge of selected elements. This energy not only triggers strong X-ray absorption 

and emission, but also produces anomalous scattering which is an elementally sensitive signal. 

Moreover, it has been demonstrated that, because of the anisotropic environment at the 

surface/interface, the signal of resonant scattering signal along the CTR is strongly influenced by 

the polarization of the X-ray beam (parallel or perpendicular to the surface).1040,1057 Thus, this 

technique merges with CTR measurements for high spatial resolution and X-ray spectroscopy for 

element-specificity on the surface. A convenient strategy is to measure the CTR intensity at an 

anti-Bragg position (middle position between two Bragg peaks), where the signal is most sensitive 

to the surface layer, and scan the incident X-ray energy through the absorption edge. Changes in 

valence and atomic structure of the surface elements can be detected. Figure 76H shows the energy 
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scan through the Pt L edge on Pt (111) with and without CO adsorption. A clear signal difference, 

due to CO adsorption appears when using π–polarized X-ray (normal to the surface).1040,1057-1058 

In some systems, the surface adsorbed ions form ordered adlayers on the electrode surface, such 

as Br- on Cu (001). Resonant surface scattering can be conducted at the edge energies of Br and 

Cu separately to clearly identify the interface structure.1057 Strmcnik et al. investigated the surface 

structure of Pt (111) in 0.1 M KOH with 1 mM Ba2+ in solution.1041 Combining CTR measurements 

and the energy scan at Ba L2 edge at different locations on the CTRs (Figure 76I), they could 

precisely detect the position of Ba2+ on top of the Pt (111) surface, out of other elements in the 

solution, such as K+. Through the experiment, they found that the height of Ba2+ was similar to the 

hydrated radius of cation in the solution, instead of only the ionic radius (Figure 76J). Although 

CTR is extremely powerful for revealing key mechanisms in alkaline fuel cell studies, such as 

surface reconstruction and adsorption, it is worth mentioning that CTR is based on the principle 

of X-ray scattering, which is closely related to the electron distribution. Thus, CTR signals are 

more sensitive to the position of heavier elements in the system, making it challenging to identify 

the structure of lighter elements in the presence of heavy ones, such as the structure of hydroxyl 

species adsorbed on the Pt surface.

8.1.5 Transmission X-ray Microscopy (TXM)

In full-field transmission X-ray microscopy (TXM) techniques, the image of the sample is 

projected onto an area detector. An objective lens, often a Fresnel zone plate, is placed between 

the sample and the scintillator to focus the transmitted X-rays through the sample, which are then 

converted to visible photons by the scintillator crystal, or detected directly with a pixelated X-ray 

detector.1059,1060 With synchrotron radiation, the spatial resolution achieved is several tens of 

nanometers for hard X-rays1061 and under 15 nm for soft X-rays.1062 One key advantage of full-

field methods is the relatively short data acquisition time because the entire field of view (FOV) 

is imaged at once, instead of imaging pixel by pixel as with scanning methods. Additionally, the 

spatial resolution of full-field TXM is dependent on the objective lens rather than on the spot size 

on the sample. 

Another closely related technique is X-ray computed tomography (CT), which relies on taking 

full-field images from different angles by rotating the sample along an axis perpendicular to the 

incident beam. A tomographic reconstruction algorithm1063 is then applied to the 2D images in 

Page 319 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



319

order to numerically reconstruct the 3D morphology of the sample. Synchrotron light sources 

allow for tunable X-ray energies, and with the addition of other detectors, tomographic imaging 

can be done in conjunction with absorption or fluorescence studies.1061 In one study, Atanassov et 

al. used both micro- and nano-CT to characterize the transport-dependent morphology of PGM-

free electrocatalysts for the ORR.1064 The Fe-based catalyst was fabricated into an MEA, and 

electrochemical testing showed a larger resistance to electron and proton transport in devices 

containing the PGM-free catalyst as compared to PGM-based electrodes. As such, the structure of 

the gas diffusion electrode was imaged at different length scales with CT in order to correlate the 

morphology to observed transport properties. Figure 77A shows the micro-CT reconstruction of 

the structure and tortuosity (parameter relating porosity to effective transport coefficient) as a 

function of sample thickness. Micro-CT images were taken at 24 keV and 100 ms exposure time. 

A scintillator with 5x lenses and a camera (resulting in 1.33 µm pixels and 3.3 mm horizontal 

FOV) detected the scattering signal. A portion of the CL was reconstructed from nano-CT (Figure 

77B) images taken at 8 keV and 1 s exposure time per projection. A Fresnel zone plate (60 nm 

outermost zone width) was used to focus the beam, and the FOV was 80 µm. The calculated 

tortuosity values from these measurements demonstrated that the high tortuosity (indicating 

reduced transport) occurred in aggregates at the micro-scale, rather than in smaller catalyst layer 

structures. 

Figure 77. (A) Micro-CT reconstruction showing calculated tortuosity as a function of sample thickness 

(shown in subdivisions). (B) Mesoscale tortuosity obtained with nano-CT. (C) 3D rendering of the nano-
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CT image of the PGM-free electrode in (top-left) large FOV and (bottom left) high-resolution. (top right 

and bottom right) Respective images after segmentation and morphological separation with color labeling. 

Operando neutron imaging with (D) full humidity and (E) reduced dew point. The hydrated thickness of 

the AEM was 50 µm, and the layers of the sample from top to bottom separated by dashed lines were: anode 

GDL, anode CL, membrane, cathode CL, cathode GDL. AEMFC micro-CT images of the longitudinal 

sections of (F) anode and (G) cathode GDEs with added PTFE. (A, B) are reprinted with permission from 

ref. 1064. Copyright 2017 Elsevier. (C) is reprinted with permission from ref. 1065. Copyright 2016 

American Chemical Society. (D-G), (E) are reprinted with permission from ref. 904. Copyright 2020 

Springer Nature. 

While synchrotron light sources offer a high degree of experimental flexibility, nano-CT 

imaging can also be done with a lab source. Litster, Zelenay and coworkers conducted nano-CT 

imaging of a catalyst-coated membrane made with Fe-N-C catalysts, prepared from cyanamide-

polyaniline-iron precursors, at two different resolution levels.1065 Figure 77C shows the 3D 

reconstruction of nano-CT images taken with the larger FOV (top left) and high-resolution (bottom 

left) using Zernike phase contrast scans. Solid domains were identified by separation based on 

concave interfaces and labeled by color for regions of interest in the large FOV (Figure 77C, top 

right) and high-resolution (Figure 77C, bottom right) nano-CT images. As synchrotron beamline 

compatible customized cells are being developed, more in situ and operando studies will become 

more prevalent. For example, in the Fischer-Tropsch-to-Olefins synthesis field, Gonzalez-Jimenez 

et al. combined TXM (spatial resolution of 30 nm) with XANES to image the changes in structure 

and chemical composition of a 20 µm catalyst particle in a customized in situ reactor.1066 Changes 

in the morphology of the active phase over time, as synthesis gas (H2/CO) was converted into 

hydrocarbon chains, were observed at working conditions of 350 oC and 10 bar.

One of the challenges associated with developing AEMFCs is understanding and mitigating 

cell degradation mechanisms over extended-duration cell operation. In particular, it has been 

shown that oscillations in cell water distribution in the electrodes can lead to flooding and ionomer 

degradation.918 Zenyuk, Mustain and coworkers used operando X-ray computed micro-

tomography with a voxel resolution of 1.3 m to study the water dynamics and changes in the 

morphology of PtRu/C anode and Pt/C cathode catalyst layers in AEMFCs under various operating 

conditions.904 Operando neutron imaging was also conducted to directly visualize liquid water in 

the cells under different dew point conditions (Figures 77D, E). Figure 77D shows flooding inside 
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the cell at full humidity, and Figure 77E shows drying out at a reduced dew point. Preliminary 

studies also suggested that cell longevity depended on operating at high reacting gas dew points to 

mitigate cell flooding. The AEMFC structure was then modified by integrating new gas diffusion 

electrodes with hydrophobic polytetrafluoroethylene (PTFE) (8 wt% in the catalyst layer and 20 

wt% in the gas diffusion layer). Figures 77F, G show the X-ray computed micro-tomography 

images of the new AEMFC anode and cathode, respectively, at 0.1 V in 100% RH under H2/O2 

reacting gases fed to the cell at 200 sccm. The MEA achieved a peak power density of 2.35 W/cm2 

under H2/O2 and 1.06 W/cm2 under H2/CO2-free air. Notably, the addition of PTFE to the 

electrodes enabled the AEMFC to stably operate for over 1000 h at 600 mA/cm2 with less than 5% 

loss in cell voltage. This study highlights the importance of developing operando imaging methods 

in driving the design of new energy materials.

Some potential drawbacks to full-field imaging methods utilizing intense X-ray sources are 

radiation damage and low spatial resolution of XRF or Auger electrons.1067 With synchrotron light 

sources and advanced X-ray focusing optics, fast scanning probe techniques such as scanning 

transmission X-ray microscopy (STXM) require lower dwell time per scan (although more 

overhead for motor movement) and can employ multiple detectors such as transmission, 

fluorescence, and diffraction, simultaneously.1059,1068 In STXM, X-rays are focused by a zone plate 

to a spot (micron or tens of nanometers) on the sample, which is two-dimensionally raster-scanned 

by in the focal plane. STXM with chemical compositional information is the X-ray analog to 

STEM/EELS, but with much less radiation damage, allowing operando techniques.1069

8.1.6 Operando Nanoscale X-ray Coherent Diffractive Imaging of Crystal Defects 

X-ray beams at third and fourth generation synchrotron radiation sources display a high degree of 

transverse coherence, a useful property that enables imaging without lenses.1070 X-ray Bragg 

coherent diffractive imaging (CDI) is a lens-less X-ray imaging technique, in which a coherent X-

ray beam illuminates a nanocrystal, and the resulting diffraction pattern of a Bragg peak is 

collected on an X-ray sensitive area detector (Figure 78A). A 3D reciprocal space map of the Bragg 

peak is obtained by taking diffraction images while tilting the nanocrystal by a fraction of a degree 

around the Bragg peak.1070 The dimensions of the crystal must be sufficiently smaller than the 

transverse coherence length of the beam so that scattering from all parts of the sample contribute 

to the diffraction pattern, and the detector must be placed far enough from the sample to resolve 
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the fringes around the Bragg peak.1071 An iterative phase retrieval algorithm1072 is used to 

transform the data into the 3D real space displacement distribution along the direction of the 

scattering vector. In addition to high coherence of the X-ray beam, the high brightness of 

undulator-based “third-generation” synchrotron sources allows for faster imaging, enabling 

operando studies of systems during evolution.

Figure 78. (A) Operando imaging of the 3D displacement field using Bragg CDI, allowing tracking the 

evolution of a single nanoparticle during electrochemical charging. (B) The displacement field along a 

plane through the nanoparticle during charging (the plane is shown in A). The voltage vs. Li+ is indicated 

at the top. Two edge dislocations are identified as singularities of the displacement field and are indicated 

at 4.3 V vs. Li+. (C) A cut through the (a) 3D strain field in a GaInAs nanowire and (b) 2D cuts taken from 

this volume. The cross-section cut was taken from the line marked (dashed white line). The scale bar is 50 

nm. (A, B) are reprinted with permission from ref 1070. Copyright by the Authors 2018 Springer Nature. 

(C-E) are reprinted with permission from ref. 1077. Copyright 2018 American Chemical Society.

The benefit of using Bragg imaging is its ability to identify crystal defects1073,1074, which are 

expected to play a key role in catalytic reactions. Singer et al. used operando Bragg CDI to image 

dislocation nucleation in high-capacity lithium-rich layered oxide (LRLO) cathode nanoparticles 

during the lithium extraction process (charging) of a lithium ion battery.1073 Figure 78B shows the 

changes in displacement field (top) at different voltages vs Li+ during charging in a planar cut of 

a single nanoparticle. The onset of dislocation nucleation in the bulk of the nanoparticle was 

identified at a voltage of 4.3 V vs Li+ by singularities in the reconstructed displacement field. The 

ability to image dislocations and strain fields non-destructively under operating conditions offers 

a versatile alternative to traditional nanoscale characterization techniques such as transmission 
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electron microscopy and enables further study of structure-property relations in novel materials 

for electrocatalysis in alkaline media.

Figure 79. (A) Atomic-resolution ADF-STEM image of Pt3Co ordered intermetallic with yellow arrows 

indicating the Pt-rich shell. A smaller particle (lower left) overlaps the larger particle in projection. The 

inset shows the projected unit cell along the [001] axis (B) STEM-EELS maps of Pt, Co and the composite 

of Pt vs. Co of Pt3Co/C after 5,000 potential cycles. (C-D) Atomic-scale STEM image and EELS map of 

one Pt3Co particle on the [110] zone axis. (E) Strain mapping of Pt3Co particle in (C) with subnanometer 

resolution and subpicometer precision based on exit wave power-cepstrum (EWPC) transform of scanning 

nanobeam electron diffraction acquired in 4D-STEM datasets. a and b are the semi-major and semi-minor 

axes of the strain ellipse construction. (A-B) are reprinted with permission from ref 1081. Copyright by the 

authors 2013 Springer Nature. (C-E) are reprinted with permission from ref 1083. Copyright by the authors 

2020 Microscopy Society of America.

In cases where the sample dimensions are unsuitable for Bragg CDI or where extended imaging 

is desirable, X-ray scanning-probe techniques such as scanning nanodiffraction or Bragg 

ptychography may be considered. X-ray optics are used to focus the incoming X-ray beam, which 

is raster-scanned over an area of the sample.1068 Typically, 2D diffraction images are recorded at 

each point in the 2D plane of the scan, creating a 4D X-ray dataset, which is similar to the 4D-

STEM discussed later in Figure 79. In nanodiffraction, the 4D data is analyzed directly in a way 

similar to dark field imaging and the heterogeneous strain distribution is measured.1075 Similar to 

CDI, Bragg ptychography uses the coherence of the X-ray beam to resolve sample features smaller 

than the spot size, and knowledge of the probe from the 4D dataset can be used to obtain amplitude 
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and phase maps with an iterative phase retrieval algorithm.1076 Hill et al. implemented a variation 

of this technique, which was named multiangle Bragg Projection Ptychography (maBPP), 

combined with coarser-scanning Bragg nano-diffraction to image a single In0.86Ga0.14As nanowire 

across length scales from nanometers to microns.1077 Figure 78C shows the 3D strain distribution 

imaged using Bragg ptychography on the  peak. The 2D cross-sections show the lattice 2110

displacement (Figure 78D) and strain distribution (Figure 78E) along the scattering vector. Thus 

far, in situ Bragg ptychography studies of electrocatalytic systems are not yet prevalent, but the 

capability of imaging local strain states will prove invaluable in future investigations.

8.2. Scanning/Transmission Electron Microscopy (S/TEM)
The aforementioned operando X-ray methods provide structural and spectroscopic information on 

large ensembles of bulk or nanoparticle electrocatalysts at a macroscopic level. Compared to high 

energy X-rays that can penetrate electrocatalyst samples with μm-to-mm thickness, electron beams 

are most useful for analyzing samples thinner than 1 μm. When high-energy X-rays and electrons 

are employed, it is critical to minimize the beam damage, in order to probe the dynamic 

structural/compositional changes without beam-induced artifacts. While X-rays interact more 

weakly with the catalyst materials, they interact more weakly for both useful imaging events, and 

harmful damaging events. What matters for imaging is the ratio: X-rays produce a level of beam 

damage (inelastic scattering events) per useful elastic scattering event, which is one or two orders 

of magnitude higher than that for electrons across all wavelengths and energies.1078 This becomes 

a pronounced challenge at high spatial resolution, where the imaging resolution is dose-limited by 

counting statistics. Therefore, X-rays and electrons can serve as complementary techniques to 

resolve the reaction dynamics of electrocatalysts across multiple length scales.  

The development and application of aberration-corrected scanning/transmission electron 

microscopes (S/TEM), equipped with electron energy loss spectroscopy (EELS) and energy 

dispersive X-ray spectroscopy (EDX), offer invaluable complementary insights for establishing 

structure/composition-reactivity/durability correlations of electrocatalysts at a microscopic level. 

STEM with EELS and EDX can provide sub-Ångström spatial resolution with a tremendous 

amount of morphological/compositional information and electronic structure of electrocatalysts. 

STEM-based characterizations have emerged as an indispensable tool for advancing our 

understanding of fuel cell electrocatalysts and their dynamic evolution during electrochemical 
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reactions at the nm and atomic scales. In this section, we will review STEM studies of nanoparticle 

electrocatalysts and emphasize the correlations between catalyst activity and microstructures.   

 While TEM has been instrumental in the development of solid-state electrocatalysts, 

conventional TEM operates under high vacuum conditions (~10-10 bar) and is incompatible to 

study materials in liquids and/or gases. Recent advances in TEM instrumentation and microchips, 

with thin, but robust, electron-transparent windows, have enabled operando/in situ electrochemical 

liquid-cell STEM (EC-STEM) with nm and even atomic-scale spatial resolution in realistic 

electrolytes under operating conditions. Here, we will introduce the recent progress as well as 

challenges of operando/in situ STEM for directly visualizing (electro)chemical reactions at 

electrode/electrolyte interfaces. In addition, we will discuss the applications of cryogenic (cryo-

TEM) for the reliable characterization of beam-sensitive soft materials such as alkaline membranes 

and ionomers.  

8.2.1 Ex situ Atomic-Scale STEM Studies of Electrocatalysts 

The use of S/TEM and EELS/EDX can provide valuable insights for these structural descriptors 

and advance our understanding of structure-activity relationships of a broad range of 

electrocatalysts and supports, as previous by discussed in Sections 3-5. For a comprehensive 

review on ex situ STEM studies of electrocatalysts, interested readers are referred to a recent 

review by the authors.18 The high spatial resolution of STEM poses an intrinsic limitation on a 

robust statistical analysis of inhomogeneous nanoparticle electrocatalysts, making it challenging 

to perform a rigorous comparison of changes at the same location before and after electrochemical 

reactions. The application of identical location TEM (IL-TEM) enables the probing of the identical 

regions of electrocatalysts and provide a direct and unambiguous tracking of the sequential 

changes of NPs before, during and after the tests.1079,1080 As a class of important supplementary 

methods to understand electrocatalysts, IL-TEM techniques offer a promising bridge between 

conventional ex situ TEM and challenging in situ TEM experiments. Besides regular 2D STEM 

imaging, 3D STEM tomography, through acquiring a series of 2D images over a wide tilt range 

and post-reconstruction, enables the direct visualization of the 3D structure and accurate 
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quantitative analysis of both active nanoparticles and porous carbon supports (Figure 29). Here we 

will use the example of Pt-Co electrocatalysts for the ORR to highlight the unique capability of 

STEM imaging and EELS spectroscopy. 

After over a decade of development, Pt-Co intermetallic nanoparticles have emerged as one of 

the most active and efficient ORR electrocatalysts in PEMFCs.17,1081 Pt-Co, with different 

compositions and structures, are nowadays manufactured at scale for practical PEMFC engines in 

fuel cell electric vehicles (FCEVs). We have used high-angle annular dark-field (HAADF)-STEM 

to directly visualize the atomic structure of Pt3Co ordered intermetallic NPs and Figure 79A shows 

one Pt3Co NP on the [001] zone axis.1081 Since the intensity of an ADF STEM image scales with 

the atomic number (I∝Z1.7), heavier elements exhibit brighter intensity than lighter elements, 

which provides an opportunity to directly distinguish/identify different elements in multimetallic 

alloys or oxides. In this case, Pt atomic columns, at the corners, appear much brighter than Co 

atomic columns at the centers, which is fully consistent with the simulated image contrast on the 

same zone axis (Figure 79A, inset). In comparison, conventional bright-field (BF) TEM or STEM 

imaging, is based on the phase contrast of electrons, and is more sensitive to light elements such 

as C and O, although the image contrast in BF mode is subjected to complications arising from 

sample thickness variations, tilting and/or the level of defocusing. For the physical principles of 

S/TEM imaging and EELS, the interested readers are referred to an earlier review.1082 The periodic 

bright and dark contrast in the STEM image suggests an ordered Pt3Co intermetallic, rather than a 

disordered alloy. The elemental compositions of Pt3Co/C were investigated with STEM-EELS 

(Figure 79B). The EELS composite map shows a Pt3Co core (yellow) surrounded by a 2-3 atomic-

layer pure Pt shell, which is present in the as-synthesized NPs and is still well preserved after 5,000 

potential cycles in acid. The Pt-rich shell can also be directly visualized in the atomic-scale STEM 

image as indicated by the yellow arrows in Figure 79A. The identified ordered intermetallic core, 

surrounded by a 2-3 atomic-layer-thick Pt-rich shell, suggests the active Pt shell on the Pt3Co core 

has a lattice contraction caused by the incorporation of smaller Co atoms into the Pt lattice. Such 

a strain engineering is widely believed to weaken the oxygen binding energy of Pt to an optimal 

level, which may be responsible for the 2-3-fold increase in ORR activity, relative to random Pt3Co 
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alloys. At the same time, the ordered Pt3Co intermetallic core provides a more stable structure, 

relative to the disordered Pt3Co alloy, which leads to a significantly enhanced durability. 

In an effort to directly visualize and reliably quantify the local strain of individual catalyst NPs, 

Padgett et al. developed an exit-wave power-cepstrum (EWPC) transform to analyze scanning 

nanobeam electron diffraction (NBED) based on 4D-STEM datasets acquired with a fast pixelated 

detector.1083 Figure 79C exhibits a ~5 nm Pt-Co NP after long-term durability tests in PEMFCs, 

which is oriented on the [110] zone axis. EELS composite maps of Pt vs. Co exhibited a well-

defined ~1 nm thick Pt shell (red) surrounding a Pt-Co core (yellow) (Figure 79D). EWPC 

transform of the NBED of this particle was visualized with the semi-major (a) and semi-minor (b) 

axes of a strain ellipse, which approximately correspond to the radial and tangential strain of a 

nearly spherical core-shell geometry. The strain maps in Figure 79E clearly show a ~5% radial 

expansion and ~2% tangential compression of the Pt shell, providing clear evidence of a surface 

lattice contraction for the Pt3Co@Pt core-shell structure. Moreover, EWPC analysis can analyze 

randomly oriented NPs and is robust to sample mistilts commonly encountered in STEM imaging 

of nanoparticle electrocatalysts. We anticipate that strain mapping with the EWPC transform will 

be one practical way to analyze hundreds of heterogenous catalyst NPs to build up reliable statistics. 

Pt3Co ordered intermetallic NPs are prepared through high-temperature thermal annealing of 

disordered Pt3Co alloy NPs. To understand the order-disorder phase transition, we employed in 

situ synchrotron-based XRD to quantify the degree of ordering at various annealing conditions 

(annealing temperature, time and cooling rate).1084 Pt3Co/C could achieve an optimal ~30% of 

ordered intermetallic phase after annealing at 750 oC for 2 h in a forming gas environment. In situ 

heating STEM was further used to directly visualize the morphological changes and the formation 

of both fully and partially ordered NPs at the atomic scale. In general, a higher degree of ordering 

leads to more active and durable electrocatalysts. Annealed Pt3Co/C with an optimal degree of 

ordering exhibited significantly enhanced durability (5% performance loss after 30,000 cycles), 

relative to disordered Pt3Co alloy (14% loss) in practical MEA measurements. 

In summary, it has been demonstrated that STEM can provide morphological, compositional, 

and structural information of nanoscale electrocatalysts at the atomic scale. Ex situ STEM provides 

a baseline understanding of catalyst NPs and necessary guidance for operando/in situ TEM to 

resolve complex electrochemical reaction dynamics. 
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8.2.2 Operando/In situ Electrochemical Liquid-Cell STEM  

Numerous renewable energy technologies involve electro(chemical) processes at solid/liquid 

interfaces, in general, and the electrode-electrolyte, in particular. Electrocatalytic reactions at 

solid/liquid interfaces are often accompanied by potential-dependent morphological, 

compositional and structural changes of the catalysts during operation, which, in turn, play an 

important role in the electrocatalyst’s activity, selectivity and durability. With differential pumping 

apertures around the specimen area, gas pressures of a few mbar can be achieved using dedicated 

environmental TEMs.1085-1087 Recent advances in TEM instrumentation and microchips, with thin, 

but robust, electron-transparent windows, have enabled in situ/operando liquid/gas-phase S/TEM 

with nm and even atomic-scale spatial resolution under realistic reaction conditions. In situ liquid-

cell TEM (LC-TEM) can shed light on the fundamental understanding of electrocatalytic processes 

and catalyst degradation mechanisms under native environments without the need for drying 

samples. Given strong beam-sample interactions in liquids, it is necessary to minimize the beam 

effect on the (electro)chemical reactions, so as to optimize spatial and temporal resolution in 

liquid-cell TEM.1088,1089

The electrochemical liquid-cell TEM work was pioneered by Ross et al. who employed a home-

made liquid cell with a two-electrode system to perform TEM studies of Cu electrodeposition.1090 

Recently, in situ liquid-cell S/TEM have been used to investigate the durability of nanoparticle 

fuel cell catalysts during potential cycles,686,1091-1093 dis/charge mechanisms of electrode materials 

in lithium ion batteries,1094-1098 and structural evolution of Cu-based catalysts during the 

electrochemical reduction of CO2.1099,1100 Liquid cell TEM has been widely used to study beam-

induced growth and corrosion of Pt, Pd or Au-based NPs,1101-1103 However, it should be noted that, 

the electron beam has served as an active reactant to grow or corrode nanoparticles and has made 

the reaction mechanisms significantly different from regular (electro)chemical processes. Liquid-

cell TEM has also been broadly applied to the observation of growth and movement of soft 

materials, such as polymers, MOFs and proteins.1104,1105 Biological samples and many energy 

materials, such as polymer membranes/ionomers in fuel cells, sulfur cathodes in Li-S batteries 

among others, share similar beam-sensitive characteristics, especially when immersed in liquid 

electrolytes.1078,1106,1107 Thus, the liquid-cell TEM studies of electrocatalysts can benefit 

tremendously from the extensive liquid-cell and cryogenic TEM studies of biological samples over 

the past several decades.1078 For a comprehensive review of all those active areas, the interested 
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readers are referred to other earlier reviews.1108-1110 Although liquid-cell TEM has been extensively 

employed to study chemical phenomena, very few studies have demonstrated reliable 

electrochemical results in liquid-cell TEM, which can be faithfully compared to standard 

electrochemical measurements. Here, we place particular emphasis on in situ liquid-cell TEM 

studies to reliably quantify electrochemical processes and discuss the major challenges facing 

rigorous electrochemical measurements in liquid-cell TEM.       

Figure 80. In situ electrochemical liquid-cell S/TEM studies. (A) A cross-sectional schematic of an in situ 

electrochemical TEM holder with SiNx windows encapsulating a fluid layer. The working electrode (WE) 

is made of carbon while the reference and counter electrodes (RE, CE) are made of Pt. (B) Schematic of 

the layered structure of a Protochips Poseidon liquid-cell holder. Inset: optical image of the three-electrode 

microchip loaded with Pt/C nanoparticles. (C) CV profiles of polycrystalline Pt films in acidic media when 

the electron beam is on and off. (D) In situ dis/charging processes of the LiFePO4 cathode in 0.5 M Li2SO4 

solution as shown in the 5 eV spectroscopic EF-TEM images. (E) valence EELS of dry LiFePO4 and the 

delithiated counterpart FePO4, showing a distinct peak for LiFePO4 but not for FePO4. (F). In situ HAADF-

STEM imaging of a Pt-Ni catalyst during electrochemical potential cycling between 0.0 and +1.2 V vs. 

RHE for 20 cycles at 100 mV/s in 0.1 M HClO4, followed by a step into high potential. Panels b-d 

correspond to the points in the upper panel. Insets in (b-d) show enlarged fractions of particles aligning on 

their facets. (B) Schematic Copyright of Protochips Inc. Inset Copyright by the authors. (C-E) are reprinted 
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with permission from ref 1094. Copyright by the authors 2014 American Chemistry Society. (F) is reprinted 

with permission from ref 686. Copyright by the authors 2019 Royal Society of Chemistry.

Figure 80A illustrates a typical in situ electrochemical liquid-cell STEM (EC-STEM) with a 

three-electrode microchip, an EELS spectrometer, and an EDX detector for chemical analysis. The 

electrochemical chip is composed of two electron-transparent SiNx windows, each with a thickness 

of ~50 nm, which are able to seal a sub-μm liquid pocket and withstand the UHV environment 

inside the TEM chamber and enable a microfluidic flow to constantly supply fresh electrolyte. 

Figure 80B shows the layered structure of a liquid-cell TEM holder (Protochips Inc.) and the inset 

shows an optical image of the electrochemical chip. The three-electrode configuration follows the 

design rules of working, reference and counter electrodes (WE, RE and CE) in a standard 

electrochemical measurement. The CE has a large surface area, relative to the WE, to enable a 

rapid polarization while the RE serves as a stable reference point for measuring and controlling 

the potential of the WE. The distance between RE and WE is adjusted in order to minimize the IR 

drop in a thin electrolyte layer. In most studies, both the RE and CE are made of Pt for its chemical 

stability while the WE is made of carbon to enable the electron beam to image interesting metal or 

metal oxide particles with minimal background scattering. In order to show that the customized 

microchip is capable of yielding well-established electrochemical results, Holtz performed CVs of 

a Pt film in acidic electrolyte (~500 nm thick).1094 Figure 80C exhibits the characteristic behavior 

of poly-Pt with hydrogen adsorption/desorption peaks and the broad Pt oxidation/reduction peaks. 

Negligible changes in CV profiles were detected when the electron beam was turned on, indicating 

minimal beam-induced damage on the electrochemical measurement, since the CV measurement 

is extremely sensitive to trace levels of contaminants or changes on the surface or in solution at 

the submonolayer level. Further thinning the electrolyte to ~150 nm caused significant ohmic drops 

in the CV measurements,1094 indicating an inherent compromise between the optimal spatial 

resolution and the quantitative electrochemistry. This compromise in spatial resolution presents a 

great challenge for EELS or EDX analysis, which demands thin liquids to minimize background 

signals. Therefore, it is highly recommended to obtain the well-established CV profiles of Pt before 

exploring unknown electrochemical reactions in liquid-cell TEM. Recently, Mayrhofer et al. 

reported that the CV of Pt could be severely interrupted by electrolyte decomposition and Pt re-

deposition at large beam doses.1110 Unocic et al. showed that it is important to have a well-defined 
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electrode geometry and microfluidic conditions, and ensure that the WE is thin (<50 nm) and 

highly conductive to enable a uniform current density distribution for quantitative electrochemical 

measurements.1111-1113 The potentials in Figure 80C are presented against a Pt pseudo RE, which 

relies on the metastable redox couple of PtOx/Pt. Given that the position of the characteristic Pt 

{110} is often located at ~0.1 V vs. RHE in 0.1 M HClO4, it was estimated that the potential 

difference between the Pt pseudo-RE and SHE to be ~0.8 V so that researchers in the 

electrochemistry community can be easily “calibrated” to the commonly used RHE scale. In 

practice, we notice a potential drift of ~50 mV during extended CV potential cycles, which comes 

from an intrinsic limitation of the chip design in which all three electrodes are immersed in the 

same electrolyte. The potential of a Pt RE can drift when the CV measurements change the 

electrolyte composition and the current at the CE produces trace amounts of soluble hydrogen or 

oxygen gas, which can diffuse to the RE and alter the nature of the Pt RE to, for instance, Pt-H/Pt 

(i.e. forming a Pt RHE). Thus, the lower/upper limits of the CV should be constantly monitored 

and carefully adjusted, to avoid undesirable hydrogen or oxygen evolution reactions. An active 

area under investigation is the search for more stable REs to replace the Pt pseudo-RE. 

With a rigorous electrochemical analysis established, Holtz et al. then introduced a liquid-cell 

TEM study tracking the de/lithiation dynamics of LiFePO4, an important cathode material in Li-

ion batteries (Figure 80D).1094 In addition to the morphological information provided by S/TEM 

imaging in liquids, EELS was employed in this study since EDX is not suitable for light elements 

like lithium. Core-loss EELS is widely employed to provide chemical analysis in which the 

electron beam excites a core-electron to unoccupied orbitals above the Fermi level. In comparison, 

valence EELS (below 50 eV) is suited to provide electronic structure information by studying the 

electron interacting with outer-shell valence electrons, which surveys the same electronic levels as 

ultraviolet-visible (UV-VIS) spectroscopy. Core-loss EELS suffers from multiple scattering and 

can be overwhelmed by the plasma peak of the liquid when the liquid thickness is more than 2-3 

mean free paths (200-300 nm), making it practically inaccessible in electrochemical liquid-cell 

TEM with a ~500 nm thick liquid layer. In contrast, the valence EELS can tolerate liquids up to 

6-7 mean free paths (600-700 nm) given its large scattering cross sections and low background 

from the liquid plasmon peak. For an in-depth discussion of EELS in liquids, the interested readers 

are referred to the report by Holtz et al.1092 The valence EELS of delithiated FePO4 in Figure 80E 

shows a sharp feature at ~5 eV, which is not present in the lithiated LiFePO4. This peak enables a 
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quick spectroscopic mapping of the depth of lithiation with energy-filtered TEM (EF-TEM) 

imaging. UV-VIS, together with DFT calculations, assigned a unique feature at ~6 eV to LiSO4
-, 

which can be used to track the dynamic concentration gradient of the Li2SO4 electrolyte upon 

dis/charge processes. EF-TEM images with a window of 2.5 to 7.5 eV can monitor the dynamic 

lithium distribution in both the electrode and electrolyte. As shown in Figure 80D (lower middle), 

during the charging process, a bright NP was detected in the 5 eV EF-TEM image at a safe dose 

rate of ~500 e/(nm2·s), corresponding to a delithiated FePO4 NP. The 5 eV EF-TEM image in the 

solution region also showed brighter intensity after the charging process, corresponding to the 

formation LiSO4
-. During the discharging process (Figure 80D, lower right), the bright particles 

disappeared, indicating the formation of LiFePO4, and the surrounding solution also showed lower 

intensity due to the depletion of LiSO4
-. LiFePO4 NPs exhibited great structural inhomogeneity 

and two competing lithiation mechanisms, core-shell and anisotropic growth, could occur in 

parallel. This study represents a general approach to employ in situ electrochemical liquid-cell 

S/TEM and EELS to perform rigorous electrochemical measurements and track dynamics of 

charge/ion transfer kinetics at electrode/electrolyte interfaces.      

In situ electrochemical liquid-cell TEM has provided important guidance for how to improve 

stability of fuel cell electrocatalysts under electrochemical conditions. Figure 80F shows an in situ 

liquid-cell TEM study of the activation and degradation processes of octahedrally shaped Pt-Ni 

alloys, a family of highly active ORR electrocatalysts in acidic media.686 The structural stability 

of both the catalysts and carbon supports can face significant challenges at high oxidizing 

potentials, which can occur in the startup/shutdown conditions in MEAs, reaching potentials as 

high as ~1.6 V vs. RHE due to the existence of an H2/air interface at the anode side. Figure 80F 

shows the time-resolved morphological changes of the octahedral Pt-Ni NPs (~8 nm) as a function 

of potential cycles. only mild particle coalescence and aggregation were observed (panels b and d) 

during potential cycles between 0.05 and 1.2 V vs. RHE. An aggressive potential hold at 1.4 V for 

several minutes caused severe particle motion and aggregation (panel g), which is likely due to the 

oxidation and corrosion of carbon, inducing the detachment of particles from the weakly bound 

carbon supports. The shape-controlled NPs, including those in the present study, have weak 

catalyst-support interactions, when compared to the strong catalyst-support interactions arising 

from widely used impregnation methods, since those NPs are often loaded on carbon supports after 

their synthesis, rather than being directly grown onto supports. In our previous in situ liquid-cell 
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STEM study of Pt-Co NPs on carbon supports synthesized by impregnation methods, only mild 

particle coalescence was observed, despite significant carbon corrosion at high oxidizing 

potentials.1093 Similarly, mild catalyst coalescence and carbon corrosion were reported in Pt-Fe 

alloys prepared by impregnation methods.1114 Those in situ liquid-cell TEM studies offer an 

important lesson about reducing the surface mobility of catalyst nanoparticles by enhancing 

particle-support interactions. Inspired by those in situ liquid-cell TEM studies, several strategies 

have been proposed to mitigate these issues, such as enhancing the chemical interactions by doping 

carbon with foreign elements (e.g. N),659 and designing porous carbon structures for confining 

particle motion and increasing the contact area for nanoparticles. Designing corrosion-resistant 

support materials to replace carbon and oxidation-resistant catalysts, as discussed in Section 5, will 

be critical to developing electrocatalysts for long-term fuel cell operation. 

In summary, in situ electrochemical liquid-cell TEM is a fasting-growing technique that is 

providing unprecedented time-resolved information on dynamic changes in morphology, structure 

and composition of electrocatalysts under reaction conditions. STEM, equipped with a large-solid-

angle EDX detector, enables nm-scale elemental mapping in 100-500 nm thick electrolytes due to 

the high penetration depth of X-rays.1115 It can be particularly powerful for resolving the structural 

evolution of multimetallic heterogenous electrocatalysts during (electro)chemical processes. 

Liquid-cell TEM will continue to enable us to advance new frontiers in electrochemistry, such as 

reaction kinetics at elevated temperatures.1116 Further developments on liquid-cell TEM will 

continue to improve the spatio-temporal resolution for tracking fast reaction kinetics using newly 

developed electron detectors with fast readout and enhanced electron sensitivity for low-dose 

STEM.1117 

8.2.3 Cryogenic TEM (Cryo-TEM) 
Cryo-TEM has played a major role in the characterization of the nanoscale morphology of AEMs 

as well as of the membrane-catalyst interface. The use of cryogenic temperatures in the imaging 

of soft specimens is advantageous as it allows for preservation of their internal structure. The 

analysis of AEMs and MEAs requires a view of cross-sections of these bulk materials. Such cross-

sections can be prepared for TEM imaging with the use of cryo-ultramicrotomy. Ultramicrotomy 

involves the slicing of samples using a diamond knife and results in thin cross-sections of the bulk 
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material (Figure 81).1118,1119 Combining ultramicrotomy with cryogenic temperatures allows 

application of this type of sectioning to soft materials while preserving their internal organization. 

Figure 81. Ultramicrotomy of MEA cross-sections for TEM imaging. (A) Cross-section of an MEA 

prepared by ultramicrotomy and imaged in TEM. (B) Schematic of the ultramicrotomy sectioning process. 

The specimen is sliced by the diamond knife edge and the slices are collected in water. When sectioning is 

performed at cryogenic temperatures a mixture of dimethyl sulfoxide (DMSO) and water can be used to 

prevent the water from freezing. (C) The thin sections are collected from the water or DMSO/water mixture 

and placed on a TEM grid for subsequent imaging. (A) is reprinted with permission from ref 1119. 

Copyright by the authors. (B-C) are reprinted with permission from ref 1118. Copyright 2008 Springer.   

Compared to the electrocatalysts discussed in Section 8.2, soft materials, including polymer 

membranes and ionomers, pose additional challenges for high-resolution characterization by TEM 

or STEM. These materials are highly radiation sensitive and imaging contrast is low. Contrast 

enhancement for TEM studies of membranes is often achieved via heavy-element stains or ion-

exchange. Although these methods have allowed characterization of ionic domains in membranes, 

it is important to note that the use of such methods also leaves room for artifacts caused by 

incomplete or non-specific staining or swelling behavior resulting from ion-exchange.1120 

Nevertheless, identification of the hydrophobic and hydrophilic domains in membranes by TEM 

has highlighted the role of microphase separation in conductivity in both PEMs and AEMs.744,1120 

In the AEM study, Coates, Muller and coworkers achieved sufficient TEM contrast to image 

microphase separation by exchanging the membrane’s counter anions with heavier iodide ions.744 

The results displayed in the top panel in Figure 82 include TEM images revealing the nanoscale 

morphology of block copolymer AEMs. Figures 82A-B demonstrate the internal structure of a 

diblock copolymer membrane in comparison to a random copolymer membrane shown in Figures 

82C-D. Both membranes were synthesized via the ring-opening metathesis polymerization 
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(ROMP) method and comprise polyethylene backbones with alkaline-stable imidazolium cations. 

TEM images show distinct domain ordering, suggesting that a homogeneous microstructure allows 

for more continuous hydroxide transport and increased membrane conductivity. For membranes 

that contain heavier counterions, the inherent contrast may be sufficient to directly image their 

organization without the use of stains or ion-exchange. Figures 82E-G shows cryo-TEM images 

of a series of polynorbornene multiblock copolymers with a bromide counter anion.1121

Figure 82. Top: TEM images of a diblock copolymer membrane (A,B) and a random copolymer membrane 

(C,D). The TEM images reveal microphase separation in the less conductive block copolymer and an 

amorphous organization in the random copolymer. Contrast between hydrophobic and hydrophilic domains 

is achieved by exchanging the membrane counteranions with iodide ions. Bottom: Cryo-TEM images of a 

series of polynorbornene block copolymer membranes ranging from triblock to pentablock display clear 

contrast variations due to microphase separation. The use of bromide as the counteranion in the membrane 

synthesis allows for imaging without the risk of artifacts caused by staining. (A-D) are reprinted with 

permission from ref 744. Copyright by the authors 2019 National Academy of Sciences. (E-G) are reprinted 

with permission from ref 1121. Copyright by the authors 2021 American Chemistry Society.   

Radiation damage of soft materials is a major hurdle for high-resolution characterization by 

TEM. Cryogenic cooling of the sample inside the microscope reduces ionization damage and 

enables the use of additional techniques for probing the internal organization of AEMs. For 

example, methods such as cryo-electron tomography (CET) have given insight into the 3D 

structure of the hydrophilic-hydrophobic microphase separation. Allen et al. used CET to image 
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the 3D structure of microphase domains in hydrated Nafion, revealing an interconnected channel-

type network and domain spacings on the order of 5 nm.1120 Combining cryogenic temperatures 

with methods such as electron spectroscopy and 4D-STEM also presents new opportunities in the 

characterization of AEMFC materials. EELS, in conjunction with cryo-STEM imaging, may be 

used to study the elemental distribution of ionomers in the catalyst layer of the MEAs. Mapping 

the ionomer at micron length scales has been achieved using EDX at room temperature.1122,1123 In 

order to achieve nm-scale mapping of the radiation sensitive ionomer, however, cryogenic cooling 

may be necessary. 4D-STEM, previously used to study crystalline materials,1083,1124,1125 can 

provide insight into the organization of crystalline domains within polymer membranes and their 

effects on the membrane’s mechanical properties, conductivity and durability. Cryo-TEM methods 

have led to significant advances in understanding the internal morphology of fuel cell materials 

and we expect advances in imaging methods to further develop this understanding.

8.3 Summary

In this section, we reviewed the structural characterization techniques using X-rays and 

electrons as probes, which are suitable for mechanistic studies of alkaline fuel cells. We illustrated 

how catalytic studies have benefited from a wide variety of operando/in situ X-ray techniques: X-

ray spectroscopy (XAS, HERFD-XAS), X-ray diffraction (CTR measurement and resonant 

surface scattering) and X-ray imaging (TXM, CT, coherent imaging techniques). XAS has been 

used extensively to study the reaction mechanisms in electrocatalysis, providing information on 

the oxidation state, electronic structure and coordination environment of metal centers of catalysts 

during catalytic reactions. We have also provided guidelines for designing electrochemical cells 

for operando XAS experiments and reviewed recent progresses achieved using operando XAS for 

understanding catalytic mechanisms of binary and ternary catalysts. To achieve a finer energy 

resolution in XAS, the HERFD-XAS technique was developed, making it possible to calculate the 

detailed electronic and geometric structures around the metal centers of catalysts from the XANES 

region. For X-ray diffraction, we focused on the CTR measurements, which are used to precisely 

determine the structure of the surface/interface of single crystals. This technique is frequently 

applied in mechanistic studies of single crystal electrodes, revealing their surface reconstructions 

and surface adsorption under catalytic conditions. CTR measurements can be combined with 

resonant scattering to produce element sensitive measurements at the surface of the catalyst. 
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Thirdly, we discussed the application of X-ray imaging techniques in catalyst studies. With full-

field TXM it is straightforward to visualize the morphological evolution of catalysts, and can be 

used to reconstruct the three-dimensional morphology in CT. By combining imaging techniques 

with X-ray spectroscopy (X-ray absorption or fluorescence), one can capture the evolution in both 

morphology and chemical composition during the catalytic reaction. With highly coherent X-ray 

beams available in 3rd and 4th generation synchrotrons, coherent imaging techniques, such as CDI 

and ptychography, have been developed, which are extremely useful in revealing more detailed 

structural information, such as crystal defects and heterogeneous strain distribution.

    We then reviewed recent progress on ex situ atomic-scale STEM, operando/in situ 

electrochemical liquid-cell STEM (EC-STEM) and cryo-TEM. STEM can provide morphological, 

compositional, and structural information of nanoscale electrocatalysts at the atomic scale. Ex situ 

STEM provides a baseline understanding of catalyst nanoparticles and valuable guidance for 

operando/in situ EC-STEM to resolve complex electrochemical reaction dynamics. Operando/in 

situ electrochemical liquid-cell TEM reveals unprecedented information about dynamic structural 

evolution of electrocatalysts under electrochemical conditions. Insights gained from EC-STEM 

can advance the design of electrocatalysts with tunable activity, selectivity, and durability. Cryo-

TEM is well positioned to enable the study of beam-sensitive materials, such as alkaline 

membranes and ionomers, and can often benefit from liquid-cell TEM studies which have a similar 

requirement to minimize beam-induced effects/damage on samples in liquid.       

    In summary, high energy X-rays can penetrate electrocatalyst samples with μm-to-mm thickness 

while electron beams are most useful for analyzing samples thinner than 1 μm. X-rays and 

electrons can serve as complementary techniques to resolve the reaction dynamics of 

electrocatalysts across multiple length scales.  

9. THEORY
First principles, ab initio theory provides much needed information for understanding and, 

ultimately, optimizing the key microscopic processes which underlie the operations of alkaline-

based energy systems. In addition to insights regarding electron charge transfer processes (Section 

2.1) and such processes when coupled to proton transfer (Section 2.2), ab initio theory is a 

powerful tool providing insight into the theory of surface catalysis generally (Section 9.1). 
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Additionally, ab initio theory can be used to understand the transport of hydroxide in liquid water 

(Section 9.2), the impact of electrochemical environments including the roles of the electrode 

potential, the formation of the electrochemical double layer, and the formation and structure of 

solid-liquid interfaces (Section 9.3), as well as the stability of membrane polymers in alkaline 

environments (Section 9.4).

9.1 Ab Initio Theory of Surface Catalysis 

Electronic-structure methods are powerful tools for elucidating reaction mechanisms, activity and 

selectivity trends among electrocatalysts, and ultimately for unravelling the nature of the catalytic 

active site under realistic electrochemical conditions. In this section we will review some of the 

fundamental principles governing surface catalysis, by showing how first-principles-derived 

quantities can be used to comprehend complex phenomena occurring at electrocatalytic interfaces 

and to guide the synthesis of improved electrocatalysts. 

Figure 83. Schematic of a procedure to construct a DFT-based mean-field microkinetic model. Reprinted 

with permission from Ref 55. Copyright by the authors 2020 American Chemical Society.

The importance of micro-kinetic models (MKM) in the context of electrochemical processes 

has been discussed in Section 2.1. A general stepwise procedure to build coverage-cognizant 

MKM has been recently described by Bhandari et al.55,1126 Briefly, the procedure schematically 

illustrated in Figure 83 always starts by enumerating the hypothesized elementary steps in the 

reaction mechanism. Performing density functional theory (DFT) calculations or by using other 

electronic-structure methods, the binding energies of reaction intermediates and transition-state 

energies of elementary steps are calculated on a hypothesized model structure of the active site. 
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Then, a system of differential-algebraic equations is built within the mean-field approximation, 

using DFT-derived parameters for kinetics (activation energies and pre-exponential factors) and 

thermochemistry. By solving this model, it is possible to obtain reaction rates (or current densities), 

selectivity, apparent activation energy barriers, reaction orders, and rate/selectivity-determining 

steps. The first step of the procedure is the most computationally-expensive. An accurate estimate 

of the computational time required for state-of-the-art energy minimization and geometry 

optimization of surface reaction intermediates should take into account many factors, as it depends 

on the method employed to solve the electronic-structure problem. Roughly, DFT methods scale 

as O(n3), where n is the number of electrons treated explicitly. Generally, even a simple 

electrocatalytic reaction mechanism, such as the ORR, presents at least four surface reaction 

intermediates and under realistic reaction conditions the surface is partially covered by several 

reaction species. Therefore, performing detailed DFT calculations for all intermediates and 

elementary steps in order to construct MKMs, able to rationalize trends among different 

electrocatalysts and active site models, becomes a computationally prohibitive task. For this reason, 

descriptor-based approaches, based on the use of easily computable quantities that are able to 

describe reactivity, have seen increased utilization over the last fifteen years. The binding energy 

of key surface reaction intermediates is typically used as a reactivity descriptor. 

The work of Abild-Pedersen et al.1127 was the first to define a “linear-scaling relationship” 

between the binding energy of a hydrogen-containing intermediate, adsorbed on close-packed and 

stepped transition metal surfaces and the binding energy of the atom through which the 

intermediate binds to the surface. For example, the binding energy of CHx (with x = 0, 1, 2, 3) on 

different transition metal surfaces, with the same geometry scales linearly with the binding energy 

of C on the same surfaces, with the scaling constant depending on the value of x. Therefore, 

leveraging linear-scaling relationships it is possible to efficiently estimate the binding energy of 

reaction intermediates by calculating the binding energy of much simpler and less-computationally 

expensive adsorbed species. Similar to these linear-scaling relationships, Bronsted-Evans-Polanyi 

(BEP)1128,1129 correlations connect energies of minima in an elementary reaction step with energies 

of maxima (i.e.: transition states) in the same step. One such BEP correlation suggests that the 

transition state energy for O2 dissociation on close packed transition metal surfaces traces the final 

state energy of the dissociation event (atomic O).1130 In other words, the more exothermic a 

reaction step is, the lower its transition state energy. Naturally, the combined use of scaling and 
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BEP correlations substantially decreases the computational cost required for rationalizing trends 

in (electro)catalyst activity and selectivity. As a result, numerous examples of applying this 

methodology to vapor-phase heterogeneous catalysis,1131–1136 electrocatalysis,52,72,1137–1141 and 

more recently molecular catalysis,1142–1144 have been reported in the literature.

Figure 84. A) Theoretical limiting potential for the oxygen reduction reaction (ORR) in acidic environment 

as a function of two key reactivity descriptors: the Gibbs free energy of adsorption for OH and OOH. The 

black line indicates the scaling relation correlating the two reactivity descriptors. B) A volcano plot for 

vapor phase ammonia synthesis (TOF stands for turn-over frequency) on stepped transition metal surfaces 

as a function of nitrogen adsorption energy (EN) and transition state energy for N2. Dashed black-white line 

indicates the scaling relation correlating the two quantities. (A) is reprinted with permission from Ref. 52. 

Copyright 2017 American Association for the Advancement of Science. (B) is reprinted with permission 

from Ref. 53. Copyright 2015 Oxford University Press. 

While linear-scaling and BEP correlations provide the foundations for modern computational 

(electro)catalysts discovery, the existence of these correlations limits the degrees of freedom for 

designing catalytically active sites with improved performance. For example, Figure 84A presents 

a DFT-derived theoretical limiting potential plot for the ORR, i.e. the maximum potential at which 

all the reaction steps are energetically downhill, while Figure 84B shows an activity plot for the 

nitrogen reduction reaction (NRR). Because of the linear scaling relations existing between 

reaction intermediates binding energies (OH*, O*, and OOH*) or between binding energies and 

transition state energies for the NRR, the data points corresponding to a specific class of catalytic 

active site models all lie on a scaling relation line. Therefore, scaling relations restrict the area that 

it is possible to span on volcano activity plots, oftentimes making it impossible to come up with 
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materials that are much closer to the volcano’s peak for activity or selectivity. For this reason, 

several strategies have been proposed to “break” scaling relations, such as the use of atomically-

dispersed materials,1145–1147 near surface alloys,1148–1150 and bifunctional catalysts.1151–1156 We 

direct the reader to other studies for further details on strategies to escape linear-scaling 

relationships.28,53,1157,1158

Among the fundamental handles used to design improved electrocatalytic active sites, here we 

single out strain and ligand effects. Surface compressive or tensile strain can be applied by 

interfacing materials with different lattice constants, as is the case encountered in core-shell 

nanoparticles.1159–1161 Mavrikakis et al. were the first to rationalize the effect of strain on the 

reactivity of surfaces.1162 Usually, the binding energy of surface intermediates becomes more 

negative (stronger binding) with the application of tensile strain on surfaces, whereas compressive 

strain tends to destabilize surface species. While this property helps designing improved 

(electro)catalysts,568 often times it is not possible to escape scaling-relations by simply modifying 

strain: unless the catalytically active site is modified (e.g., through reconstructions), it is not 

possible to (de)stabilize only one surface reaction intermediate without (de)stabilizing all of the 

others in a proportional way. However, recent studies have demonstrated that under particular 

applied strain conditions, it is possible to independently change the binding energy of surface 

intermediates adsorbed on different surface sites, hence breaking scaling-relationships.1163,1164 For 

example, Khorshidi et al.1163 employed a mechanics-based eigenstress model to rationalize how 

single adsorbates adsorbed, on different sites of a given surface, can exhibit directionally opposite 

responses to biaxial strain. Taking the example of CH2 adsorbed on bridge and four-fold hollow 

sites of Cu(110), the authors demonstrated the opposite dependence of the CH2 binding energy on 

strain for these two sites. Therefore, it could be possible to reverse the order of stability of a given 

adsorbate on these two surface adsorption sites through strain-engineering. Similarly, recent 

theories suggest that by oscillating the binding energy of surface reaction intermediates, for 

example by using piezoelectric materials continuously changing the applied strain on the surface, 

it is possible to considerably enhance catalytic performance.1165 The “ligand effect” in bimetallic 

catalysis1166,1167 reflects the strength of the interaction between the top metal layer in the catalyst 

and the metal layer right below. Depending on the identity of the two metals, the bond strength 

between them and the associated electronic interactions can vary dramatically, thereby leading to 

concomitant change in surface binding properties. The presence of the ligand effect oftentimes 
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gives rise to unexpected catalytic properties, even exceeding the limit of scaling relations. Near-

surface alloys (NSAs) are a typical example of that. Indeed, Greeley and Mavrikakis demonstrated 

that, similarly to Au and Cu, specific NSAs bind atomic hydrogen weakly, and yet dissociate H2 

much easier than noble metals. This property offers clear advantages for improved anode catalysts 

for application in low-temperature fuel cells.1148,1168    

Combined Theory and Experiments for Elucidating the Nature of the Active Site: MKMs

A collection of important studies reporting DFT-derived MKMs in the context of 

electrochemical processes in alkaline and acidic environments are provided in Section 2.1. 

Although providing useful qualitative trends, MKMs constructed from DFT-derived quantities 

without proper calibration against experimental measurements, cannot be used to obtain 

quantitative information on reaction rates, apparent activation energies and reaction orders. The 

lack of quantitative agreement with experiments can originate from multiple sources, including an 

incorrect description of the active site, and the intrinsic errors associated with DFT-derived 

energetics. For example, for room temperature processes, a difference of 0.06 eV in calculated 

energies translates to an order of magnitude difference in rate constants. Therefore, it is necessary 

to apply a systematic and consistent procedure in order to derive meaningful information from 

MKMs. An iterative procedure used to construct MKMs yielding quantitative agreement with 

reaction kinetics experiments after proper parameter adjustment is described in Figure 85. 

Simultaneously, this procedure yields improved information pertaining to the nature and 

decoration of the active site by key reactive intermediates.
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Figure 85. Algorithmic scheme for elucidating the nature and decoration of the catalytic active site and the 

reaction mechanism through the formulation of mean-field MKMs, and by using DFT-derived energetics. 

Reprinted with permission from Ref. 55. Copyright by the authors 2020 American Chemical Society

Three main criteria are evaluated to assess the quality of the MKM predictions: i) Accuracy of 

the model in the reproduction of experimental data; ii) Magnitude of parameter adjustments 

required to achieve quantitative agreement with reaction kinetics experiments; iii) Coverage self-

consistency. Briefly, in order to satisfy the first condition, the MKM should be able to predict, 

with quantitative accuracy, reaction orders, rates, and apparent activation energies obtained from 

experiments under various conditions and in the presence of various amounts of co-fed species. 

Importantly, the quantitative prediction of experimental quantities alone is not enough to assess 

the predictive power of the MKMs. Indeed, finding the solutions to the system of differential 

equations is a stiff nonlinear optimization problem, that could lead to different equally correct 

quantitative solutions. It is therefore necessary to evaluate, among the possible solutions, the one 

that is obtained with minimal parameter adjustments. The process of determining the magnitude 

Page 344 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



344

of these parameter adjustments and which of the DFT-derived quantities contribute the most to the 

discrepancy between simulated and experimental results is known as parameter estimation.1169 

Acceptable parameter adjustments are in the range of 0.1-0.2 eV. Usually, adjustments not falling 

in this range are indicative of an incorrect description of the model used for the catalytically active 

site, or an inaccuracy in the choice of the exchange-correlation functional employed for DFT 

calculations. Finally, coverage self-consistency is essential: the surface coverage of key reactive 

intermediates predicted by the MKMs should be in agreement with the respective coverage 

employed in the DFT models used to derive the energetics implemented in the MKMs. Coverage-

cognizant MKMs were recently demonstrated to be necessary to achieve quantitative agreement 

with experimental vapor-phase reaction kinetics and electrocatalytic measurements.1126,1141 If one 

or more of criteria (i), (ii), and (iii) is not satisfied, the MKM is revised by changing either the 

catalyst model (e.g., by considering the (100) facet instead of the (111) facet) or the coverage of 

spectator species. More technical details on the development and utilization of MKMs can be 

found in more specialized reviews.28,55,56

9.2 Ab Initio Theory of Aqueous Hydroxide
In this section, we provide a brief review of the ab initio theory of the aqueous hydroxide ion. We 

begin with ab initio studies of bulk liquid water under ambient conditions (Section 9.2.1) and a 

description of the typical methodologies used for simulating proton transfer processes in aqueous 

H3O+/OH- solutions (Section 9.2.2). This is followed by a more detailed discussion of the proton 

transfer mechanisms in aqueous H3O+ and OH- solutions, including the pre-solvation concept 

(Section 9.2.3), concerted proton transfer promoted by water wire compression (Section 9.2.4), 

and the more recent discovery regarding the differential distribution of concerted proton transfer 

processes between aqueous H3O+ and OH- (Section 9.2.5). This section concludes with a 

discussion of recent ab initio studies of aqueous OH- diffusion through AEMs as well as a brief 

summary and future outlook (Section 9.2.6).

9.2.1 Ab Initio Studies of Liquid Water

Water, in its liquid form, is arguably the most important molecule for human civilization. 

Theoretical modeling of liquid water is an extensive field that goes far beyond ab initio 

Page 345 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



345

simulations, and a proper coverage of ab initio simulations of liquid water alone could easily fill a 

review article. As such, our intention here is to provide a brief (and surely incomplete) survey of 

the ab initio theory of liquid water to motivate our (more complete) discussion of the ab initio 

study of aqueous solutions containing the fundamental H3O+ and OH- ions—the diffusion of which 

play key roles in fuel cell applications.

Ever since the first ab initio molecular dynamics (AIMD)1170,1171 simulation of liquid water in 

1993 by Laasonen, Sprik, Parrinello, and Car,1172 there have been many first-principles simulations 

of liquid water performed using DFT1173,1174 within the generalized gradient approximation 

(GGA), e.g., BLYP1175,1176 and PBE.1177 The AIMD approach generates the nuclear potential 

energy surface “on-the-fly” from the electronic ground state without empirical input, and is 

therefore suitable for predicting the structure and dynamics of a targeted system as well as its 

electronic and dielectric properties in an reactive fashion (i.e., in conjunction with the breaking 

and forming of chemical bonds).1170,1171 However, the accuracy of DFT-based AIMD simulations 

is determined by the underlying approximation to the exchange-correlation energy. For the 

electrons, GGA-DFT suffers from several limitations, namely, the presence of self-interaction 

error (SIE)1178,1179 and the lack of long-range van der Waals (vdW)/dispersion interactions,1180-1183 

both of which lead to errors when describing the structural and dynamical properties of liquid 

water systems.1184-1216 To combat the deleterious effects of SIE, hybrid-GGA functionals, which 

are substantially more computationally expensive than GGAs, were first employed by Hutter,1195 

Galli,1207 and Gygi1208 in the study of bulk liquid water. To accurately describe the long-range 

vdW/dispersion interactions, both GGA and hybrid-GGA functionals can be outfitted with a 

number of different vdW/dispersion correction schemes.1180-1183 Using this approach, DiStasio et 

al.1214 then studied the individual and collective effects that originate from treating both of these 

improvements at the dispersion-corrected hybrid-GGA level, pushing us closer to an accurate and 

reliable first-principles description of the microscopic structure of ambient liquid water. More 

recently, the strongly constrained and appropriately normed (SCAN) meta-GGA functional 

proposed by Sun, Ruzsinszky, and Perdew1217 has emerged as a more computationally affordable 

higher-rung alternative to GGA-DFT. As such, this approach has already been used to model the 

structures (and relative stabilities) of the ice phases by Sun et al.,1218 the structure and diffusion of 

liquid water by Chen et al.,1216 Zheng et al.,1219 and Wiktor et al.,1220 as well as compute the sum 

frequency generation (SFG) spectrum of interfacial water on an anatase TiO2 surface by Selloni 
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and coworkers.1221 Carnevale, Borguet, and coworkers1222 also demonstrated that SCAN estimates 

the pKa value of water to within 1.0 unit lower than the experimental assignment.

In addition to providing a detailed description of the electronic structure, ab initio modeling of 

liquid water also faces challenges due to the quantum mechanical nature of the nuclei (particularly 

for light atoms such as H). To account for these nuclear quantum effects (NQEs), the discretized 

Feynman path-integral (PI) scheme1223,1224 has been integrated with AIMD by Marx, Tuckerman, 

Klein, and Parrinello.1225,1226 For a detailed review of NQEs in aqueous systems, we point the 

interested reader to the recent review by Ceriotti, Markland and coworkers.1227

9.2.2 Simulating Proton Transfer Processes in Aqueous H3O+/OH- Solutions

While the ab initio simulation of liquid water remains a challenging and active field of research, 

essentially all water molecules under ambient bulk conditions remain intact. This is due to the fact 

that autoionization is an extremely rare process, which was studied in detail by Geissler, Chandler, 

and coworkers1228 via the combined use of Car-Parrinello AIMD and transition path sampling 

techniques.1229 As such, several simple yet accurate empirical force fields, including (but not 

limited to) SPC/E,1230 TIP4P/2005,1231 and MB-Pol,1232 have been constructed to study bulk liquid 

water. However, the simulation of aqueous H3O+ and/or OH- solutions—both of which involve a 

reactive (bond-breaking/bond-forming) proton transfer process between H3O+ (or OH-) and the 

surrounding solvent H2O molecules—pose a significant challenge for such conventional force-

field based approaches and therefore require more sophisticated reactive force fields (which allow 

for bond-breaking and forming processes, see Refs. 1233-1236) or a fully ab initio treatment via 

AIMD simulations. 

This proton transfer process was hypothesized by von Grotthuss 200 years ago (see Ref. 1237 

for an interesting historical review), yet the microscopic details underlying the proton transfer 

mechanism remained largely unknown until the mid-1990s. During that time, Tuckerman, 

Laasonen, Sprik, and Parrinello performed the first AIMD simulations on aqueous H3O+ and 

OH.1238-1240 Based on these simulations, they provided a microscopic picture of the Grotthuss 

mechanism, in which the proton transfer process happens on the ps timescale—orders of 

magnitude more frequently than the auto-ionization process in ambient liquid water.1228 In 

conjunction with these AIMD simulations, Vuilleumier and Borgis,1241 Sagnella and 

Tuckerman,1242 and Schmitt and Voth1243 demonstrated that ab initio-derived empirical valence 
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bond (EVB) approaches can also be a viable tool to study the proton transfer process in aqueous 

H3O+ and OH- solutions (particularly for extended length and time scales not easily accessible by 

AIMD); see Ref. 1244 for a detailed review.

9.2.3 Proton Transfer Mechanisms in Aqueous H3O+/OH- Solutions

In the Grotthuss mechanism, H3O+ and OH- are regarded as topological defects in the tetrahedral 

hydrogen bond (HB) network of H2O molecules that can migrate via proton transfer through a 

connecting HB molecular wire. Such structural diffusion can therefore be significantly faster than 

vehicular/Stokes diffusion, an argument advanced by von Grotthuss to (qualitatively) explain the 

anomalously high mobility of H3O+ and OH- in aqueous solutions.1245,1246  

Based on AIMD simulations, Tuckerman, Marx, and Parrinello provided key atomistic insights 

into the Grotthuss mechanism by introducing the concept of pre-solvation leading up to proton 

transfer processes in aqueous H3O+/OH- solutions.1247,1248 This pre-solvation concept states that 

successful structural migration events require a proton acceptor (i.e., H2O in acid; OH- in base) to 

exhibit the local solvation structure corresponding to the product of the proton transfer process 

(i.e., H3O+ in acid; H2O in base). For instance, the structural diffusion of H3O+ under acidic 

conditions (Figure 86A-C) is characterized by transitions between the pre-solvated Eigen complex, 

i.e., [H3O+ · (H2O)3] (Figures 86A and 86C) and the Zundel complex, i.e., [H2O · · · H · · · OH2]+ 

(Figure 86B). During this process, the local solvation structure of the acceptor H2O (i.e., the water 

molecule directly to the right of the H3O+ in Figure 86A) must fluctuate to recover the solvation 

structure of the product H3O+ (as shown in Figure 86C) to allow structural diffusion to effectively 

proceed to the Zundel complex (Figure 86B) and finally to the product of the proton transfer 

process (Figure 86C).
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Figure 86. Graphical depiction of the proton transfer mechanism in aqueous H3O+ (A-C) and OH- (D-F). 

Atoms are labeled based on their species (H: white, O (solvent water): red, and O (involved in structural 

diffusion): yellow. Reprinted with permission from Ref 1247. Copyright 2002 Springer Nature.

The mechanism for proton transfer in aqueous H3O+ reached a consensus earlier than that of 

aqueous OH-, which was settled after a longer scientific debate.1246 In short, the discussion 

surrounding aqueous OH- mainly focused on the following three potential mechanisms for proton 

transfer: (i) the mirror image scenario, (ii) the static hypercoordination scenario, and (iii) the 

dynamic hypercoordination scenario. 

The mirror image scenario (which dates back to the 1950s, i.e., well before the invention of the 

Car-Parrinello AIMD approach1170) assumes that the proton transfer mechanism in aqueous OH- 

can be inferred from that of aqueous H3O+ by assuming that OH- is a proton hole (i.e., the mirror 

image of the solvated proton, H3O+). However, this mirror image argument cannot explain the 

significantly lower (by around a factor of two) diffusivity of OH- under ambient conditions.1249-

1251 With the aid of AIMD simulations, the asymmetry between aqueous H3O+ and OH- was 

attributed to a rather stable hypercoordinated solvation structure surrounding the OH- ion (Figures 

86D and 86F) that was not present in aqueous H3O+.1238-1240,1252,1253 Such asymmetry (which was 

recently attributed to differences in the amphiphilicity of the aqueous H3O+ and OH- ions1254) 

further invalidates the assumption of the mirror image scenario. 

The debate as to whether the hypercoordination of OH- is static or dynamic was also largely 

settled with the combined use of the pre-solvation concept and AIMD simulations.1238-1240,1246,1247 
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Since the hypercoordinated OH- solvation structure is topologically distinct from the tetrahedral 

solvation structure1255 surrounding a bulk water molecule (i.e., the product of the proton transfer 

to a OH- ion), the pre-solvation concept requires thermal and/or quantum fluctuations to transform 

the hypercoordinated solvation structure (Figures 86D and 86F) to the tetrahedral solvation 

structure (i.e., corresponding to the OH- on the left in Figure 86E).1247 After the proton transfer, 

the water molecules surrounding the product OH- relax back to the hypercoordinated solvation 

structure (Figure 86F), thereby completing the proton transfer mechanism in aqueous OH-. As 

such, the static hypercoordination scenario—in which the hypercoordinated solvation structure is 

too stable to fluctuate—is incompatible with structural/Grotthuss diffusion of OH- (via the pre-

solvation requirements) and suggests that OH- would be essentially limited to vehicular/Stokes 

diffusion only.1246 As such, the debate surrounding the proton transfer mechanism in aqueous OH- 

settled on the dynamic hypercoordination scenario, in which the diffusion of OH- is characterized 

by a combination of vehicular and structural diffusion. In this picture, the solvation structure 

surrounding the OH- ion fluctuates between a hypercoordinated or “resting” state (in which the ion 

primarily undergoes vehicular diffusion) and a pre-solvated or “active” state (in which the ion 

primarily undergoes structural diffusion).1246,1247

As mentioned above, nuclear quantum fluctuations are non-negligible in aqueous H3O+ and 

OH- solutions due to the presence of light atoms such as H. In these cases, Marx and coworkers 

employed PI-AIMD simulations to demonstrate that NQEs (such as tunneling and zero-point 

motion) generally increase the fluxionality of proton-centered aqueous complexes and can 

therefore have a substantial influence on the free-energy profile of the proton transfer 

process.1246,1256,1257 However, NQEs do not qualitatively change the underlying structural diffusion 

mechanism described above.1246 

9.2.4 Concerted Proton Transfer Processes: Water Wire Compression

While the dynamic hypercoordination scenario already sketches out the microscopic picture of the 

OH- diffusion mechanism in an aqueous environment, Hassanali and coworkers1258,1259 provided 

new insight into this mechanism. Using AIMD simulations, they observed that multiple proton 

transfer processes tend to occur in correlated bursts (or jumps) over short windows of time 

separated by longer periods where structural diffusion is inactive. Such correlated multiple proton 
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transfer events are promoted by collective compressions in the network of water molecules 

connected to the topological defect (H3O+ or OH-) via HBs, i.e., water wire compression.1259 

Figure 87. Free energy profile for water wire compression and double proton jumps with the PBE0-TS1263-

1266 functional for aqueous H3O+ (panel A) and aqueous OH- (panel B). Reprinted with permission from Ref 

1254. Copyright by the authors 2018 Springer Nature.

For a double proton transfer event (in which the proton is transferred over two water molecules), 

the effect of water wire compression can be visualized using a two-dimensional collective variable 

(Figure 87).1254,1259 In this case, the first dimension is defined as |rO1 – rO2| + |rO2 – rO3| using the 

position vectors of the three consecutive oxygen atoms (O1, O2, O3) involved in the double proton 

transfer event; as such, this dimension measures the extent of the water wire compression. The 

second dimension is defined as (v1 + v2)/2 for H3O+ or –(v1 + v2)/2 for OH-, where v1 = |rO1 – rH1| 

– |rH1 – rO2| is the coordinate for the first proton (H1) transferred between O1 and O2, and v2 = |rO2 

– rH2| – |rH2 – rO3| is the coordinate for the second proton (H2) transferred between O2 and O3. 

Successful completion of the double proton transfer process would therefore correspond to v1 + v2 

> 0 for H3O+ or –(v1 + v2) > 0 for OH-, which corresponds to the right-hand side of Figures 87A 

and 87B.1254,1259 Using these collective variables, the free-energy barriers associated with double 

(and higher) proton transfer events promoted by water wire compression in aqueous H3O+ and OH- 

solutions can be computed based on AIMD trajectories.

9.2.5 Why Does OH- Diffuse Slower than H3O+? Climbing the DFT Hierarchy

Page 351 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



351

In the aforementioned AIMD simulations of aqueous H3O+ and OH-, GGA-DFT has been 

employed to model exchange-correlation effects. However, as discussed in Section 9.2.1, GGA-

DFT is known to suffer from several theoretical limitations (i.e., SIE1178,1179 and the lack of long-

range vdW/dispersion interactions1180-1183) which lead to errors when describing the structural and 

dynamical properties of aqueous systems.1184-1216 As such, it is not clear how the molecular-level 

details regarding the proton transfer mechanism in aqueous H3O+ and OH- obtained at the GGA-

DFT level would change if revisited using more sophisticated dispersion-inclusive hybrid DFT 

functionals, which are known to provide a more accurate and reliable description of the 

microscopic structure of liquid water.1207,1208,1214 To answer this question, Wu, Car, and 

coworkers1254 applied a linear-scaling exact exchange algorithm1214,1260-1262 that enables large-

scale AIMD simulations of condensed-phase systems to study the proton transfer process in 

aqueous H3O+ and OH- at the dispersion-corrected hybrid DFT (i.e., PBE0-TS1263-1266) level. 

Figure 88. Frequency of proton transfer events with three different exchange-correlation functionals: PBE 

(A, D), PBE-TS (B, E), and PBE0-TS (C, F) for aqueous H3O+ (top, blue) and OH- (bottom, purple). 

Reprinted with permission from Ref 1264. Copyright 2018 Macmillan Publishers Limited, part of Springer 

Nature.

In doing so, this work identified a key qualitative difference in the proton transport mechanisms 

in aqueous H3O+ and OH- solutions, namely that Grotthuss migration of H3O+ primarily occurs via 

multiple concerted jumps (Figure 88C), while structural diffusion of OH- tends to be much more 
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sequential in nature (Figure 88F). Interestingly, such differential behavior was not observed when 

using conventional GGA-DFT (i.e., PBE1177; see Figures 88A and 88D) nor dispersion-corrected 

GGA-DFT (i.e., PBE-TS1177,1265,1266; see Figures 88B and 88E), and was attributed to the 

simultaneously improved description of both HB interactions as well as intermolecular 

vdW/dispersion forces at the dispersion-corrected hybrid DFT level. Here, an improved 

description of the long-range vdW/dispersion interactions allows for tighter water wire 

compression, which promotes multiple concerted jumps during the proton transfer process. Taken 

on its own, this effect would increase the rate of structural diffusion for both H3O+ and OH-. 

However, such long-range vdW/dispersion interactions also further stabilize the hypercoordinated 

(resting) solvation structure surrounding the OH- ion, and therefore lead to an overall slower 

diffusion rate in aqueous OH- solutions. Mitigation of SIE reduces the HB strength,1207,1208,1214 

which reduces the overall tetrahedrality of each water molecule and further softens the liquid water 

structure. In addition, the amphiphilic propensity of the solvated OH- ion is also enhanced, which 

increases the attraction between OH- and the surrounding water molecules and hence the relative 

stability/lifetime of the hypercoordinated (resting) solvation structure.1254 In this regard, the 

predicted pot-like solvation structure surrounding OH- also agrees better with the neutron-

scattering assignment by Soper and coworkers.1267 When taken together, the net effect of using 

dispersion-inclusive hybrid DFT modifies the structural diffusion mechanism of OH- from 

occurring primarily through multiple concerted jumps to occurring primarily through sequential 

proton transfers (while leaving the physical picture of diffusion in aqueous H3O+ qualitatively 

intact). As such, this work builds upon the seminal concepts of pre-solvation, dynamic 

hypercoordination, and water wire compression to provide an even more refined understanding of 

why OH- diffuses slower than H3O+.

9.2.6 Ab Initio Modeling of Aqueous OH- through AEMs

Over the past few years, AIMD simulations have also been increasingly used to study OH- 

transport through AEMs. While an atomistic-level characterization of the surfaces and channels in 

a given membrane still remains an open challenge to date, several theoretical studies have shed 

light on the mesoscale structure of specific AEMs. For instance, Paddison and coworkers1268 have 

used mesoscale dissipative particle dynamics (DPD) simulations1269 to study how membrane 

morphology depends on hydration level. In doing so, this work identified that the AEM 
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morphology can transform between perforated lamellae (low hydration), perfect lamellae 

(intermediate hydration), and disordered bicontinuous domains (high hydration). Similar coarse-

grained simulations have also been used to study OH- diffusion through AEM membranes by 

Zhuang,375,376 Paddison,1270,1271 Lee,1272,1273 and their respective coworkers. While such coarse-

grained studies are unable to describe structural (Grotthuss) OH- diffusion, they can be used to 

probe the interior structure of the AEM as well as estimate the length and time scales associated 

with confined OH- transport.

Figure 89. Atomistic graphane bilayer used in ab initio modeling of OH- diffusion through AEM channels. 

Atoms/molecules are labeled based on their species (C: green, N: blue, O (solvent water): red, H: white, O 

(in OH-): yellow). Reprinted with permission from Ref 1274. Copyright 2019 American Chemical Society.

Motivated by some of these mesoscale simulations, Zelovich et al.1274 then proposed the use of 

tetramethylammonium (TMA) cations tethered to nanoconfined structures as models for an ab 

initio study of OH- diffusion through AEM channels. In particular, this work considered two types 

of confinement models to mimic the diverse interior AEM environment: (i) channel confinement 

via TMA-tethered carbon nanotubes and (ii) interfacial confinement via TMA-tethered graphane 

bilayers (GB). Using several different GB-based AEM models (Figure 89), they performed AIMD 
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simulations of OH- diffusion at various different (low) hydration levels, observing that OH- 

transport changes from a mixture of structural (Grotthuss) and vehicular (Stokes) diffusion, to 

exclusively vehicular diffusion, and finally non-diffusive behavior as the surrounding water 

density was decreased.1275 Recently, Zelovich and Tuckerman1276 also performed AIMD 

simulations using these GB-based AEM models at high hydration levels, showing how different 

water layers can either promote or suppress OH- diffusion. While such pioneering studies have 

provided us with the first fully ab inito look into model AEM channels, direct ab initio simulation 

of aqueous OH- diffusion through an AEM over experimentally relevant length and time scales 

remains a grand challenge to date. While such length and time scales remain largely inaccessible 

using DFT-based AIMD approaches, we expect that emerging machine-learning based ab initio 

techniques1277-1287 will provide us with a viable route forward. 

9.3 Ab Initio Theory of Electrochemical Environments
As touched upon in Section 9.1, first principles, ab initio theory enables, in principle, the direct 

calculation of electrocatalytic reactions, including reaction rates and thermodynamically stable 

phases. To be complete for alkaline environments, such predictions require the computation of the 

free energies of fluid-immersed solid surfaces and reactants, with stable phases determined as those 

with the lowest free energy and with reaction rates computed using transition state theory.1288,1289 

Rate calculations can be further extended to complex multi-step reactions by computing the 

reaction rate for the individual steps and then solving the resulting reaction network. Ab initio 

electrochemical calculations, however, are particularly challenging because of the potential 

impacts of all relevant aspects of the system, including the fluid environment, the ions in the fluid, 

the electrode, the adsorbates on the electrode, and the potential of the electrode.
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Figure 90. Ab initio description of solvated systems in electrochemical environments using (A) explicit 

and (B) implicit methods: illustration shows a Co3O4 (100) surface with an *OOH adsorbate in an aqueous 

solution with sodium and chloride ions, with atoms represented as spheres (red=oxygen, blue=cobalt, 

white=hydrogen, yellow=chlorine, green=sodium), and the electrode charge as ’s, with the “solid 𝑒 ―

component” in red and the “fluid component” in blue. Implicit methods (B) replace the atomistic description 

of the fluid from (A) with a continuum description. Figure Copyright by the authors. 

First principles electrochemical methods typically group the above aspects into “solid” and 

“fluid” components of the calculation and then link these components through an interaction 

term,1290,1291 (Figure 90(A)). The “solid component” (red shaded regions, Figure 90) generally 

consists of the electrode, the adsorbates, and the electrode potential, which is linked directly to the 

free charge in the form of electrons which can enter or leave the electrode through an external 

circuit. First principles calculations generally handle these components through standard DFT 

calculations.1292–1296 In contrast, a wide range of theoretical descriptions are available for the “fluid 

component” consisting of the fluid itself and any included ions (blue shaded regions, Figure 90). 

Fluid component descriptions span a range from simplistic continuum models to sophisticated 

classical density-functional theories (Section 9.3.2), with a parallel set of descriptions for the ions 

in the fluid, ranging from linearized continuum Debye-Hückle screening to, again, classical 

density-functional theories (Section 9.3.3). When combined with the “fluid component,” the “solid 
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component” must be able to balance the charge in the fluid so as to maintain charge neutrality. 

Moreover, it is important to include the effects of changing electrode potential on the electrode 

charge and other key quantities of interest, such as the energies of transition states and the resulting 

reaction rates (Section 9.3.4). A number of researchers have successfully included all of these 

effects in electrochemical calculations (Section 9.3.5).

9.3.1. Fluids

Accurate predictions in the electrochemical setting require a detailed description of the fluid 

environment, especially when the structure of the electrochemical double layer plays an important 

role. The most direct approach to inclusion of the fluid environment is through explicit AIMD, 

which has been covered in Section 9.2 and a number of review articles.1297 While the most accurate, 

AIMD is very computationally demanding because it requires the ab initio treatment of large 

numbers of fluid molecules (Figure 90A), which is compounded by the need to repeat such very 

demanding calculations tens of thousands of times to provide adequate statistical sampling to 

obtain meaningful results.1298 The demanding nature of this approach limits the practicality of its 

application, particularly for systems involving complex surface reactions and for computational 

surveys that would explore large numbers of possible catalysts and reactants.

There are several methods available that maintain accuracy while allowing for the study of a 

broader range of systems. The first such method applies a detailed, explicit electronic 

representation for those parts of the system that absolutely require an ab initio description, while 

representing the fluid molecules using a more approximate molecular mechanics approach. The 

fluid and the key components of the system are then coupled using the quantum mechanics / 

molecular mechanics (QM/MM) method.1299 Although this approach removes much of the 

computational cost by eliminating full, ab initio calculation of the molecules in the fluid, the 

QM/MM method still requires large numbers of demanding ab initio quantum mechanical 

calculations for the key components of the system in order to provide sufficient statistics.1300 

Another, intermediate approach is to treat all components of the system ab initio, but to include 

only the key components and a limited number of layers of surrounding fluid molecules.1301,1302 A 

primary pitfall of this approach is that actual electrochemical systems have characteristically long 

ionic screening lengths, for example 30 angstroms at 0.1 M ionic strength, that extend far beyond 

tractable numbers of explicit layers, so that this scheme can not include essential long-range 
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screening effects. Finally, even with a limited number of fluid layers, such calculations, once again, 

can be impractical because of the extensive sampling and thus lengthy computation needed to 

compute meaningful averages and free energies.1300

An alternative set of approaches, which are much more computationally tractable, represent the 

system-solvent interaction as the dielectric response of a continuum medium surrounding the 

system (blue shaded region, Figure 90B).1303-1306 Such polarizable continuum model (PCM) 

theories exploit the fact that the dielectric response of the fluid is the main contributor to the free 

energy of solvation1307 and thereby eliminate the large numbers of explicit electrolyte molecules 

otherwise needed to capture fluid effects. Moreover, these approaches save significant 

computational cost by accounting directly for the dielectric response without the need for statistical 

sampling. Within these approaches, the fluid-system interaction occurs at an interface (curve 

separating red and blue regions in Figure 90B). Some approaches determine this interface using 

van der Waals-spheres centered at solute atom positions.1303 An alternate approach, the isodensity 

method, defines the interface as an iso-surface of a particular value of the electronic density, which 

has the advantages of significantly simplifying the thermodynamic average force on the atoms and 

of providing an electron-density based description of the interface which works well within the 

density-functional theory framework.1308-1312 Once the spatial dependence of the dielectric constant 

is determined, PCM approaches then use a variety of methods to solve for the corresponding bound 

charges, including both direct solution of the Poisson-Boltzmann equation using spectral 

methods1308,1309 and also direct solution for the charges at the vacuum-dielectric interface.1313 

Finally, PCMs generally also include secondary interactions with solutes, such as cavity-formation 

free energies, dispersion interactions, and short-range steric repulsion.1303

Traditionally PCMs represent the effects of the fluid environment with a linear dielectric 

response1314 and do not account for the details of liquid shell structure. Non-linear effects can be 

quite important, particularly when dealing with highly polar solutes or polar surfaces.1315 Such 

effects can be modeled through inclusion of a layer of lower dielectric constant at the interface to 

represent dielectric saturation1303 or through direct solution of non-linear dielectric equations 

obtained through representing the electrolyte environment as a continuous field of interacting 

dipoles.1315 PCM methods suffer from a major disadvantage: because they begin by replacing the 

fluid with a continuum, these methods provide no information about solvation shell structure or 

liquid layering above a surface. Without such effects, these approaches give an oversimplified 
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description of the electrochemical double layer that resembles the Gouy-Chapman model1316 but 

without the important subtleties of the refinements by Stern1317 and Grahame.1318 Some progress 

has been made in refining PCMs to improve the description of the electrochemical double layer,1319 

however, the direct replacement of the molecular fluid with a continuum limits the development 

of systematic approaches to improve PCMs.1301

To allow for the development of systematically improvable approaches, Joint Density 

Functional Theory (JDFT) incorporates molecular structure rigorously and, in principle, exactly, 

by joining a standard electronic density-functional theory calculation for the explicit system with 

a classical density-functional theory (CDFT) for the liquid.1300,1309 Such CDFTs, in principle, give 

an exact description of the thermodynamics of a classical molecular fluid system including all 

molecular scale effects.1320-1322 The CDFTs, by building upon the free energy of the non-interacting 

molecular gas, give first principle’s access to effects including steric repulsion, shell structure,1323 

layering above a surface,1324,1325 and linear and nonlinear dielectric and ionic screening.1326 By 

combining such CDFT descriptions with electronic structure calculations, JDFT provides a very 

economical, yet accurate method for incorporating into ab initio calculations fluid effects which 

are essential to the description of electrochemical environments.1298

9.3.2. Ions

Ions are an essential component of the electrolyte and must be considered when representing 

electrochemical environments. In particular, ions play a critical role in maintaining charge 

neutrality in the presence of a charged electrode. Moreover, without inclusion of the compensating 

effects of ions at some level, there is no way to place electrode potentials extracted from ab initio 

calculations on an absolute electrochemical scale.1300

The simplest attempts to represent the compensating ionic charge in DFT calculations have 

been to smear the total charges from the ions into a uniform distribution spread evenly through 

space,1302 even throughout the region of the solid electrode. This approach however, is unrealistic 

and leads to electrostatic potentials in the fluid that do not converge at large distances from the 

surface and to unrealistically large differential capacitances for the electrochemical interface.1300 

Other methods represent the compensating ions as a charged sheet at a fixed distance from the 

electrode.1327,1328 However, the placement of this sheet is relatively arbitrary and can have a non-

physical impact on the potential.1300 More recently, others have modelled the electrolyte using a 
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layer of explicit hydrogen atoms, which then separate into a solvated proton layer and an electronic 

charge deposited onto the electrode.1329 This allows for an electrode-electrolyte double layer while 

keeping the unit cell neutral.35,1330,1331 However, this approach again amounts to modelling the ions 

as a layer of charge, in this case protons, and the locations for the H atom inclusion is again 

arbitrary.

There are more sophisticated approaches to the compensating ionic charge. These approaches 

consider an a posteriori continuum model which incorporates the fluid dielectric response and 

Debye screening by solving ab initio calculations with modified Poisson-Boltzmann 

equations.1308,1330,1332,1333 Poisson-Boltzmann-like equations do not include important non-local 

and non-linear features.11 However, non-linear saturation effects have an important role in 

electrochemical systems, particularly near the liquid-solid interface, and must be represented 

accurately to obtain reliable ab initio results.1298

Even in its non-linear forms, the Poisson-Boltzmann equation fails to account for physically 

relevant phenomena such as nonlinear capacitance effects due to ion adsorption, the nonlocality of 

the dielectric response of the fluid, and the surface tension associated with formation of the liquid-

solid interface.1315 Poisson-Boltzmann approaches, without significant augmentation, thus give 

poor representations of differential electrochemical capacitance.1298 The most physically 

representative, if challenging, approach to describe screening from ions in the fluid at an electrode 

interface is to use a CDFT.1334 Variations of this approach have been used in joint calculations 

with a DFT description of the electrode to produce a realistic description of the electrochemical 

interface.1319

9.3.3. Electrode Charge

As described above in Section 9.3.2, proper description of the ionic component of the fluid ensures 

charge compensation between the fluid and solid components and the establishment of a standard 

reference for the electrostatic potential. There are two theoretical approaches for handling charged 

electrodes. The first approach sets the net charge of the electrode by fixing the total number of 

electrons  in the solid component of the calculation and relaxes the solid component together N

with the fluid component to find the final configuration of minimum free energy. To extract the 

electrode potential from within this approach, one converts the chemical potential for electrons 

( ), which many works refer to loosely as the “Fermi level,” to a standard electrochemical scale 𝜇
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as described below. This approach has the advantage that working with a fixed number of electrons 

and reporting the electron chemical potential, , is supported by all standard electronic structure 𝜇

packages.1291,1335,1336

The second approach for dealing with charged electrodes sets the electrode potential by fixing 

the electron chemical potential  for the calculation, while allowing electrons to enter or leave the 𝜇

electrode so as to minimize the combined free energy of the solid and fluid components.1337 This 

approach then determines the total charge by computing the resulting total number of electrons in 

the solid using the standard Fermi function,

  (Equation 26)𝑁 = ∑
𝑖𝑓(𝐸𝑖) =

1
exp((𝐸𝑖 ― 𝜇)/𝑘𝐵𝑇) + 1,

where the sum is over each electronic energy state  in the electrode,  gives the energy of the i Ei

corresponding state,  is the temperature of the system, and  is Boltzmann’s constant. The T kB

variable charge on the electrode makes this approach particularly susceptible to charge sloshing, a 

numerical issue where electrons flow back and forth into and out of the electrode. Fortunately, 

specialized numerical approaches have been developed which resolve this issue.1337

Relating results from either of the above two approaches to physical measurements requires 

conversion of the  to an electrode potential  on a standard electrochemical potential scale. The 𝜇 E

relation  accomplishes this conversion, where  is the fundamental charge in SI units 𝜇 - μ0 = -eE e

and  represents the electron chemical potential corresponding to a standard reference potential 𝜇0

such as the SHE.1338 

The fixed charge and fixed potential approaches allow the calculation of a number of 

electrochemically measurable quantities. Within the fixed charge approach, the potential of zero 

charge (pzc) can be calculated quite simply by setting the number of electrons to make the 

electrode neutrally charged.1300,1338 The ability to perform this calculation highlights a key 

advantage of the ab initio framework: experimentally, one can only measure directly the potential 

of zero total charge (pztc), which includes the effects of surface contamination, whereas the ab 

initio approach gives the potential of zero free charge (pzfc) directly. Under the fixed potential 

approach, on the other hand, one can compute the impact of electrode potential on any 

electrochemical process of interest, for example effects of electrode potential on surface diffusion 

Page 361 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



361

barriers that have been observed in experiments.1339 Finally, both approaches are capable of 

determining the charge vs. potential curve for an electrochemical system, from which the 

differential capacitance can be extracted directly.

9.3.4. Applications

A full treatment of electrochemical systems requires use of the above techniques within a unified 

framework, and there have been numerous studies and reviews regarding the use of ab initio 

techniques to investigate electrolysis and surface reactivity while including effects from the 

electrochemical environment.1340-1344 Such studies generally fall into two broad categories, 

equilibrium studies and kinetic studies.

In terms of equilibria, aqueous redox potentials of organic molecules have been computed with 

good agreement with experiment (0.1-0.4 eV, mean unsigned error) using PCMs and computing 

energy differences of different charge states of the species.1345,1346 Also, under-potential deposition 

has been studied ab initio using used JDFT with a continuum fluid model.1337 This study showed 

that chloride desorption is responsible for a voltammetric peak formerly believed to be from 

formation of a partial copper monolayer.1337 Ab initio calculations have also been used to determine 

the lowest free energy surface phases of electrocatalysts as a function of pH and potential in order 

to predict Pourbaix diagrams.1347,1348 Finally, PCM techniques have been combined with DFT 

techniques to study equilibrium systems involving ionic liquids.1349-1351

In terms of kinetic studies, the dissociation of water at a silicon carbide surface has been studied 

using ab initio MD, with the interesting result that the dissociation of water molecules in the liquid 

phase is unexpectedly similar to the dissociation found in the gas phase.1352 Additionally, the 

stability and surface diffusion of lithium-electrolyte interfaces have been studied to understand 

dendrite formation in lithium batteries.1353 As a final example, ab initio MD calculations have been 

employed to study the electrochemical double layer at the Rutile (110) surface.1032,1354

9.4 Ab Initio Modeling of Membrane Degradation
Ab initio modeling studies have also been used to aid in the search for alkaline-stable cationic 

functional groups to incorporate into AEMs. Such studies generally employ DFT to predict the 

stability of candidate cationic groups in alkaline conditions in a variety of ways, including 

calculating the pKa of acidic hydrogens on the cation,1355 the lowest unoccupied molecular orbital 
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(LUMO) energy1356 of the cation, as well as the free-energy barriers (ΔG‡) of potential degradation 

pathways according to classical transition state theory (TST). The benefits of performing such 

computational studies are numerous. For one, such studies can provide a detailed understanding 

of the reaction mechanisms underlying the degradation process (e.g., identification of the rate-

limiting step in complex multi-step reactions), thereby providing valuable insights into how the 

stability of these cations can be improved. Secondly, such studies can be used to investigate how 

substituent effects can modify the stability of cationic groups, and can therefore be used in 

conjunction with or in place of experimental stability studies, which can be time consuming (i.e., 

~30 days) to perform.745 In addition, computational investigations can be used to elucidate 

potential degradation mechanisms in cases where it is difficult to detect and/or distinguish the 

degradation products experimentally.

9.4.1. Ab Initio Modeling of Tetraalkylammonium Cationic Groups

Computationally speaking, tetraalkylammonium cations are probably the most thoroughly studied 

class of cations for use in AEMs.747,748,763,818,1357,1358,1359 Such cations can react irreversibly with 

OH-, primarily via Hofmann (E2) elimination or SN2 reactions (Scheme 3).763,1357,1358 However, 

these quaternary ammoniums are generally quite stable due to the high ΔG‡ to such reactions.1357 

In a systematic study conducted by Pivovar and coworkers,763 ΔG‡ values for a number of potential 

degradation pathways were computed for a series of n-alkyltrimethylammonium cations using 

DFT in conjunction with an implicit solvation model. As depicted in Figure 91, Hofmann 

elimination tends to be the degradation pathway with the lowest ΔG‡ value when compared to the 

competing SN2 pathways. This suggests that the stability of such tetraalkylammonium cations can 

be improved by removing the -hydrogens, which can be achieved by methylating the -

position.763 Similarly, the viability of the Hofmann elimination pathway can also be reduced 

through the introduction of steric interference and/or geometric constraints that hinder the -

hydrogen from accessing the anti-periplanar position (with respect to the nitrogen atom) that is 

required for Hofmann elimination to proceed.747,748,763,818 An example of such hindered Hofmann 

elimination is seen in the piperidinium and spirocyclic quaternary ammonium cations, which have 

been shown to be quite stable748,818,1359 as the TS for ring-opening Hofmann elimination reactions 

requires high-energy bond lengths and angles.747,748,818,1359 As such, many recent research efforts 

have focused on incorporating such cationic groups into AEMs (vide infra). 
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Figure 91. Free-energy barriers (ΔG‡ in kcal/mol) for Hofmann elimination (blue), SN2 on trans-/anti-

methyl group (red), and SN2 on n-alkyl group (black) as a function of the n-alkyl carbon chain length in n-

alkyltrimethylammonium cations. Reprinted with permission from Ref 763. Copyright by the authors 2012 

American Chemistry Society.

It has also been shown via H-D exchange experiments that OH- can abstract -hydrogens, 

however this reaction tends to be highly reversible, and ab initio calculations have shown that the 

resulting ylide intermediate is unstable.763,1357,1358 In order to proceed from the ylide intermediate 

towards a degradation product, first-principles calculations have also shown that the only viable 

pathway proceeds through the same TS structure as that found in the corresponding SN2 attack; 

hence, the ylide and SN2 pathways are experimentally indistinguishable.1357 One notable exception 

is benzyltrimethylammonium, where it has been suggested that the ylide could undergo a Stevens 

or Sommelet-Hauser rearrangement to further degrade into benzylamine or phenethylamine 

derivatives.1358,1360 Recently, it has also been argued that degradation proceeding ylide formation 

might be possible through a more complicated mechanism involving multiple OH- ions.1361 

9.4.2. Ab Initio Modeling of Imidazolium Cationic Groups
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Imidazolium cations are another promising candidate for use in AEMs. Both experimental and 

theoretical studies have shown that the primary degradation pathway for simple imidazolium 

cations is via nucleophilic addition-elimination at the C-2 carbon atom.1362-1365 The free-energy 

diagram for this degradation pathway was also studied by Pivovar and coworkers,1362 and is 

depicted for 1,3-dimethylimidazolium in Figure 92. Here, a rather intuitive design principle that 

can be obtained from these calculations is that introducing a bulky substituent at the C-2 position 

should improve stability by sterically blocking the initial OH- attack site.1362-1366 However, it has 

also been computationally shown that the rate-limiting step in the degradation of 1,3-

dimethylimidazolium is the subsequent ring-opening at the C-2 position, which suggests that 

introducing substituents that also sterically interfere with the ring-opening TS structure might be 

an even better route towards improved imidazolium cation stability.1362,1363 In lieu of performing 

a series of detailed TS searches, the susceptibility of imidazolium cations to OH- attack at the C-2 

position has also been rationalized in terms of the LUMO energy of the cation, which can be 

increased via the introduction of an electron-donating substituent. This suggests that adding 

electron-donating substituents anywhere on the imidazolium ring can increase alkaline 

stability.758,767,1364-1366 It has also been argued that the barrier associated with the ring-opening step 

depends on the OH- concentration, in which the ring-opening proceeds through a more facile 

mechanism involving multiple OH- ions at high OH- concentrations.1363

Page 365 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



365

Figure 92. Free-energy diagram (ΔG in kcal/mol) for the addition-elimination pathway of OH- with the 

1,3-dimethylimidazolium cation. Depicted is the low-energy mechanism involving two OH- ions. Reprinted 

with permission from Ref 1362. Copyright by the authors 2014 American Chemistry Society.

9.4.3. Ab Initio Modeling of Other Cationic Groups

Quaternary phosphonium cations also show great promise for use in AEMs. For such cations, one 

of the primary degradation pathways proceeds via OH- directly attacking the central phosphorus 

atom; as such, the introduction of substituents can be used to stabilize these cations through 

electronic or steric effects.775 In a combined experimental and theoretical study by Yan and 

coworkers,775 these two effects were quantified in a semi-empirical relationship based on the Taft 

equation: ΔG‡ = aδ + bEs + c, where δ is the polar substituent constant, Es is the steric substituent 

constant, and a, b, c are linear fitting parameters. In this equation, ΔG‡ was obtained using ab initio 

calculations, δ was obtained from 31P NMR chemical shifts, which are a good measure of electron-

donating effects, and Es was determined by computing the ΔG value between ortho and para 

substitutions, in which the substituents only cause steric effects when placed in the ortho 

position.775 Although simple, this formula allows for rapid screening of many potential quaternary 

phosphonium cations without the need for experimental degradation studies.

A number of other cationic groups have also been explored computationally for use in AEMs. 

One such cation is benzyltrimethylammonium, which has been shown to degrade primarily via 

SN2 attack at the benzylic carbon.1367,1368 Here, the introduction of electron-donating groups can 

stabilize the cation, although the associated ΔΔG‡ value is a modest 1.6 kcal/mol, even in the most 

dramatic case studied (i.e., substitution of -N(CH3)2 at the 3- and 5- positions of the aromatic 

ring).1367,1368 A somewhat similar case is the phenyltrimethylammonium cation, which degrades 

via nucleophilic attack on the methyl groups. In this case, electron-donating -N(CH3)2 moieties 

can improve the stability considerably, i.e., by up to 3.7 kcal/mol for triply -N(CH3)2 substituted 

phenyltrimethylammonium.1369 Another set of cations that have been computationally investigated 

are the substituted guanidinium cations,1370 which primarily degrade via direct attack by OH- on 

the central carbon, which is followed by an intramolecular deprotonation of the attached -OH to 

form tetramethylurea. At high OH- concentrations, a second OH- can cause this deprotonation, 

making the second degradation step much more facile.1370 In this case, substituents are generally 

too far from the attacking position to introduce steric hindrance. Instead, substituent effects on 
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guanidinium stability are generally rationalized based on changes to the LUMO of the cation, 

where electron-donating substituents can be used to increase the LUMO energy and stabilize the 

cationic species.1370,1371 

9.4.4 Ab Initio Modeling of Backbone Degradation

Ab initio modeling has also been used to investigate how properties of the polymer membrane 

affect the degradation of cationic functional groups. One such property is water content, where 

one often finds that OH- ions in dry conditions tend to be poorly solvated and thus more reactive. 

Computationally speaking, a simple and approximate way to account for such dry conditions 

involves decreasing the dielectric constant used in the implicit model for the solvent (i.e., the 

PCM).1372-1375 As one might expect, it has been shown that decreasing the dielectric constant can 

significantly decrease the ΔG‡ for degradation via OH- attack.1357,1363 In some AEMs, the polymer 

backbone itself is also vulnerable to OH- attack. In benzyltrimethylammonium-functionalized 

polyaromatics, for example, it has been shown that the primary source of degradation in some 

poly(arylene ether) backbones occurs via SNAr attack.1376 Here, eliminating electron-withdrawing 

groups from the polymer backbone, or replacing the polymer backbone with poly(phenylene), 

greatly improves the stability of such membranes.1376,1377 

Figure 93. Free-energy barriers (ΔG‡ in kcal/mol) for a series of degradation pathways in model-PEPM 

(see insets) as a function of an applied force (F in nN) to the distance between backbone 𝛾-carbons. All 
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barrier heights were computed using dispersion-inclusive hybrid DFT and the PCM implicit solvent model. 

Reprinted with permission from Ref 818. Copyright by the authors 2021 Royal Society of Chemistry.

In a recent experimental and theoretical study by DiStasio, Knowles, Coates, and coworkers,818 

ab initio methods were also used to investigate how local backbone morphology affected the 

stability of piperidinium-functionalized polyethylene membranes.818 In this study, the external 

forces explicitly included (EFEI) approach1378 was used to add a small external force that either 

stretched or compressed the backbone in a model polyethylene system to mimic the ensemble of 

backbone conformations in an AEM environment. Figure 93 shows the ΔG‡ values for each of the 

considered degradation pathways as a function of the local backbone morphology. In this study, 

Hofmann elimination on the model polyethylene backbone was shown to occur much more readily 

if the backbone was in an extended conformation. Similarly, Hofmann elimination could be 

significantly hindered for compressed backbone conformations, with the difference between such 

extreme cases corresponding to changes in the reaction rate constant by up to four orders of 

magnitude.818 In direct contrast, the barrier heights for the other degradation pathways remained 

largely unchanged by the local backbone morphology.

9.5 Summary

In Section 9.1, we discussed some of the principles governing surface catalysis, such as linear 

scaling and Bronsted-Evans-Polanyi correlations. Starting from these principles, we then surveyed 

several strategies used to tune the (electro)catalytic activity of materials, such as the strain and 

ligand effects, including new aspects of theoretical surface catalysis aimed at surpassing the 

intrinsic limits imposed by linear correlations. Furthermore, we provided extensive details on state-

of-the-art computational techniques that can be used to unravel the nature of (electro)catalyst 

active sites under realistic reaction conditions. Among these, we showed that MKMs, informed 

with DFT-derived quantities, are particularly powerful for developing a fundamental 

understanding of reaction mechanisms, both in vapor-phase catalysis and electrocatalysis. In this 

context, we emphasized the importance of constructing MKMs that are not only in quantitative 

agreement with experiments, but also “coverage-cognizant”.
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Next, in Section 9.2, we turned to ion-transport in alkaline electrochemical systems and 

reviewed the ab initio study of aqueous hydroxide through powerful, albeit brute-force approaches 

of treating large numbers of water molecules and hydroxide ions directly ab initio. With almost 

three decades of research since the first AIMD simulations of liquid water, several major 

breakthroughs have been made towards an accurate and comprehensive microscopic 

understanding of the two-century-old structural/Grotthuss mechanism for H3O+ and OH- diffusion 

in bulk aqueous environments. These breakthroughs include: (i) establishment of the pre-solvation 

concept, (ii) identification of a dynamic hypercoordinated solvation structure surrounding the OH- 

ion, (iii) discovery of multiple concerted proton transfer events promoted by water wire 

compression and (iv) refinement of the qualitative distinction between Grotthuss diffusion in 

aqueous OH- (primarily sequential single jumps) and aqueous H3O+ (primarily multiple concerted 

jumps) using more sophisticated dispersion-corrected hybrid DFT based AIMD simulations. 

While there are still open questions regarding the diffusion of H3O+ and OH- in bulk aqueous 

solutions, ab initio simulations of OH- at interfaces and in confined environments have started to 

increase our understanding of OH- diffusion through AEMs in fuel cell applications and beyond. 

Such simulations are particularly challenging as they simultaneously require an accurate and 

reliable description of the bond-breaking and bond-forming events underlying structural diffusion 

in aqueous OH- as well as sampling extended length- and time-scales that are currently inaccessible 

using ab initio methods except for some carefully tailored models.1379,1380 Here, we expect that 

emerging machine-learning based ab initio simulation techniques1277-1287 will play a key role and 

pave the way towards simulating and understanding these challenging systems with unprecedented 

accuracy and reliability.

We then reviewed in Section 9.3 general methods for first principles treatment of the effects of 

electrochemical environments without the need for brute-force treatment of large numbers of 

environment molecules. Varied approaches exist to include the key effects of an electrochemical 

setting, applicable at a spectrum of scales and detail. Advances including polarizable continuum 

methods (PCMs) and ab initio classical density-functional theory (CDFT) aim to balance speed 

and accuracy of the analysis of solvated systems by abrogating the need for explicit treatment and 

thermodynamic sampling of large numbers of liquid molecules. We then discussed how, to be truly 

informative, such descriptions must also account for compensating ionic charges, particularly 

when dealing with electrodes with an applied potential. We then described how ab initio 
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calculations of applied potentials can be carried out either through a fixed charge or a fixed 

potential approach. Finally, we emphasized how a full ab initio treatment of electrochemical 

systems requires the use of the above techniques within a unified framework, and that joint density-

functional theory (JDFT) provides such a framework and captures the inherently challenging non-

linear and long-range response of the fluid to the electrode.  This subsection then closed with a 

review of examples of numerous studies which have utilized such techniques to comprehensively 

investigate solvation kinetics, behavior at interfaces, and conditions on surfaces.

Finally, in Section 9.4 we describe how ab initio modeling has been employed to study the 

degradation of cationic functional groups in AAEMs, with the most common approaches involving 

the identification of potential degradation pathways (for a given candidate cation) using DFT and 

an implicit solvation model (such as PCMs). Since low free-energy barrier heights typically 

correspond to facile degradation pathways, such theoretical efforts have also been used to predict 

which cationic functional groups will be stable in AAEMs. In doing so, these efforts have provided 

valuable insights into the degradation process (i.e., the role of local polymer backbone morphology 

on degradation) and how one might improve AAEM stability (i.e., substituent effects and cation 

functional group choice).  To date, such studies have been in good agreement with experimental 

stability trends for various cation classes (e.g., tetraalkylammonium, imidazolium, phosphonium, 

and guanidinium), and have therefore shown great promise for future computational screening 

studies in this area. 

10. CONCLUSIONS and PERSPECTIVE

In summary, the past decade has resulted in tremendous progress in understanding electrocatalysis 

in alkaline media and tackling significant challenges in alkaline-based energy technologies. The 

cost advantages of alkaline fuel cell technologies benefit from the use of non-precious 

electrocatalysts for the ORR while it also faces the challenge of a slower HOR, relative to PEMFCs. 

Theoretical methods, such as DFT and MD simulations, have provided critical insights into the 

thermodynamic and kinetic aspects of hydrogen and oxygen electrocatalysis, and in particular, the 

PCET processes with water as the proton donor in alkaline media. Based on extensive 

electrochemical measurements, the RDSs of the HOR were proposed to be the H2 adsorption step 

(Tafel or Heyrovsky step) in acidic media whereas its oxidation of adsorbed H (Volmer step) in 
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alkaline media. Various HOR/HER activity descriptors have been proposed to explain the 

HOR/HER activity in alkaline media. Despite its initial success, H-binding energy is an 

oversimplified descriptor without considering the local environment of adsorbed H2O, OH and 

alkali cations. The oxophilic effect involving OH adsorption was proposed to explain the 

significantly enhanced HER activity of Ni(OH)2-modified Pt and electronic effects have been used 

to rationalize the outstanding HOR performance of PtRu, relative to Pt. In contrast to those 

conventional thermodynamic perspectives, the interfacial water structure provides a critical 

complementary picture of local environment and is inherently a potential-dependent kinetic 

property. During the HER, the interfacial water network on Pt is much more rigid in alkaline media 

than in acidic media since the applied potential is far more negative than the pzfc, leading to a 

more sluggish HER in alkaline media. The addition of Ni(OH)2 induces a more disordered water 

structure and thus faster HER kinetics. Non-specific adsorbed alkali cations are likely to interact 

with adsorbed H and OH species and strongly modulate the interfacial water structure. Those 

fundamental studies provide necessary guidance for designing low-Pt and non-PGM HOR 

electrocatalysts.   

Pt single crystals with tunable stepped structures offer a well-defined model system to integrate 

electrochemical, operando spectroscopic and theoretical studies to interrogate ORR mechanisms, 

which feature the key intermediate species of HO2 in acid and O2
- in base along with other O-

containing adsorbed species. Kinetic studies of Pt based RDE measurements suggested a possible 

CsE1CE3 mechanism, involving a fast surface chemical reaction preceding a fast irreversible 

electron transfer process as the RDSs, which are followed by another chemical reaction and a 

second multi-step 3e- charge transfer processes. The fundamental difference between acidic and 

alkaline ORR on stepped Pt surfaces originates from the potential-dependent interfacial water 

structures. In particular, given the relative positions of applied potentials vs. the pzfc, adsorbed 

H2O molecules on charged Pt surfaces exhibit a H-up and H-down configuration in acid and base, 

respectively. This fundamental difference of interfacial water structure was used to explain 

important experimental observations: a higher step density of Pt single crystals leads to a higher 

ORR activity in acid while Pt(111) exhibits the highest ORR activity, relative to all stepped Pt 

surfaces, in base. The interfacial water structures were quantified by pzfc/pztc measured by 

molecular/ionic probes such as CO, N2O and S2O8
2-, and pme measured by a laser-induced 

temperature-jumped method. 
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The newly emerged non-precious metal and oxide electrocatalysts show great potential in 

providing a comparable ORR activity to Pt at a much lower cost. Inspired by Pt single crystals, 

atomically flat oxide thin films were designed to provide precise control of the surface/subsurface 

compositions and structures to advance our understanding of structure-activity/stability 

correlations in alkaline media. Several activity descriptors were proposed to rationalize the 

structure-activity/stability correlations, including eg electron, metal-oxygen covalency, and 

oxygen vacancy, among others. In contrast to Pt, metal oxides likely involve the participation of 

lattice oxygen during the ORR process. It is worthwhile to highlight the fast-developing non-

precious ORR electrocatalysts, such as 3d transition metal oxides (spinel, perovskites, etc.), 

conductive nitrides/oxynitrides and atomically dispersed M-N-C. In particular, Co-Mn spinels 

achieved comparable performance to Pt/C in MEAs and catalyzed the ORR through a synergistic 

mechanism in which Mn prefers to bind O2 while Co activates co-adsorbed H2O, which is 

fundamentally different from the conventional wisdom of ORR mechanisms of Pt-based alloys 

based on lattice strain and electronic effects. The development of non-precious ORR 

electrocatalysts has been the main driving force to achieve comparable AEMFC performances to 

PEMFCs yet with a significantly lower catalyst cost.      

Catalyst supports, although often overlooked, provide necessary electron and mass transport 

pathways, large-surface-area porous architectures for high dispersion of catalyst nanoparticles, and 

are corrosion-resistive to maintain their structural integrity during fuel cell operation. Recent 

developments of non-carbon supports offer additional strategies to modulate the support-catalyst 

interaction to enhance catalyst activity, and more importantly significantly improve catalyst 

stability. 

The recent progress in highly conductive and durable alkaline membranes and ionomers have 

enabled AEMFCs to achieve an equal or higher power density when compared to PEMFCs. 

Among the various organic cation moieties discussed herein, piperidinium has attracted an 

increasing amount of attention for its structural stability and ease of incorporation into polymers, 

some of which can sustain stable MEA operation over hundreds of hours. Among the polymer 

backbones discussed, polyethylene and poly(norbornene)s are attractive AEM candidates for their 

mechanical strength, alkaline stability, and reduced adsorption on metal electrocatalysts, relative 

to polyarylenes. Ultimately, a balance of ionic content, water uptake, mechanical durability, 

synthetic feasibility, and catalyst interactions need to be considered in the design of novel AEMs. 
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Traditionally, most electrocatalyst development pauses after preliminary activity and stability 

are demonstrated in half-cell RDE measurements and most AEM evaluation is constrained to 

soaking in hydroxide solution. Those divided individual evaluations, despite useful for high-

throughput material screening, provide very limited guidance when translating into realistic fuel 

cell performance. In this review, we hope to bridge the gap between catalyst and membrane 

communities by encouraging more research resources to be devoted into full-cell MEA 

measurements. Standard MEA fabrication and testing protocols are illustrated to offer an 

opportunity to faithfully deconvolute scientific progresses from device engineering optimization, 

especially for those newly designed non-precious oxygen cathodes and hydrogen anodes. The 

effects of CO2 in air have received special attention in attempts to tackle the challenges of MEA 

operation in realistic air. The mass transport of ionic and gas reactants/products still needs to be 

optimized to accommodate the catalyst kinetics driven at large current densities. With continuous 

advances in alkaline fuel cell technologies, it is foreseeable to achieve DOE AEMFC MEA 

milestones of performance 600 mW/cm2 with long-term durability under H2/air in PGM-free ≥

MEA by 2030.874   

In this review, we present novel operando/in situ X-ray and STEM characterizations to probe 

the structural and compositional changes at electrode-electrolyte interfaces, which offer a rare 

opportunity to monitor an operating electrocatalyst under real-time fuel cell operation conditions. 

Additionally, cryo-TEM is well positioned to study the catalyst/ionomer/membrane interfaces with 

minimal beam damage. Finally, we introduced the recent development of ab initio theory, which 

offers direct and accurate description of reaction mechanisms in electrochemical environments, 

such as surface electrocatalysis, PCET, and ion transport in electrolytes and the degradation of 

polymer membranes. Combining operando methods with theoretical simulation on well-defined 

catalyst and membrane model systems offers the potential to identify specific reaction pathways 

that dictate reaction kinetics and selectivity. 

In the future, we hope this review can guide the community to focus on the scientific 

understanding of electrocatalysis in alkaline media and alkaline membrane-based energy 

technologies. We highlight three major challenges facing this fast-growing field. 
(1) What factors govern electrocatalysis in alkaline media?

 What are the analogues of quantum confinement in (alkaline) electrocatalysis, including electronic and 

lattice strain effects, and how can we accurately predict and control them?
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 How does PCET (proton coupled electron transfer) involving the OH- ion and other molecules prevalent 

at pH 14 affect the conversion and transport (especially ionic and electronic) of energy?

 What chemical and physical effects do supports exert on electrocatalysts in alkaline media, and how are 

they reflected in catalyst structure, activity, stability, and selectivity?

(2) How do we understand and control transport in alkaline media?

 How does the architecture of catalysts, supports, and polymer electrolytes control the transport of 

reactants and products in alkaline electrochemical systems?

 How do we describe the effects of interfacial water activity?

 Can we control/design hydrophobic/hydrophilic interactions to optimize interfacial water management 

and ionic transport?

(3) What makes energy materials durable in alkaline media?

 Can we understand fundamental degradation mechanisms in alkaline media during transport of OH-?

 How do the OH- ions and other species present in alkaline environments affect the stability and structure 

of polymer membranes at multiple length scales?

 Can we design and synthesize electrolytes with high hydroxide conductivity yet maintain their chemical 

durability, mechanical strength, water uptake/management, and polymer-electrocatalyst-interface 

stability under operating conditions?

      The strategies of investigating hydrogen and oxygen electrocatalysis mechanisms and 

establishing structure-activity/stability correlations, described herein, are valuable not only for 

alkaline fuel cells and water electrolyzers but also for many other emerging alkaline-based energy 

technologies, such as CO2 and N2 reduction. The AEMs developed for alkaline hydrogen fuel cells 

are also suitable for a broad range of fuel cells with easily accessible C-based and N-based fuels 

such as methanol, ethanol, hydrazine and ammonia. We anticipate that the continuous 

developments in electrocatalyst/supports and membrane/ionomers, guided by operando methods 

and theoretical simulation, will lead to groundbreaking advances in addressing fundamental 

questions for electrocatalysis in alkaline media and achieving affordable alkaline-based renewable 

energy technologies at large scale.   

Page 374 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



374

AUTHOR INFORMATION:

Corresponding author: Héctor D. Abruña: hda1@cornell.edu 

Department of Chemistry and Chemical Biology, Cornell University

Center for Alkaline Based Energy Solutions (CABES), Cornell University 
Notes:

The authors declare no competing financial interest.

Biographies:
Yao Yang received his B.S. in Chemistry at Wuhan University (2015), Ph.D. in Chemistry at 
Cornell University (2021) and Miller Postdoctoral Fellowship at UC Berkeley (2021-2024). He 
focuses on the design and synthesis of non-precious ORR electrocatalysts and the use and 
development of operando electrochemical liquid-cell STEM and synchrotron-based X-ray 
methods for atomic-scale mechanistic understanding of interfacial electrocatalysis.   

Cheyenne R. Peltier received her B.S. in Chemistry from Stanford University in 2018. She is 
currently a Ph.D. candidate in the Coates Group at Cornell University. Her research focuses on the 
design and synthesis of alkaline stable polymer electrolytes.

Rui Zeng obtained his B.S. in Materials Physics from Wuhan University in 2015. Rui is currently 
pursuing a Ph.D. degree at Cornell University in the Abruña group. His main research interests 
include developing non-precious electrocatalysts for alkaline fuel cells and employing differential 
electrochemical mass spectrometry for energy-related applications.

Roberto Schimmenti is a postdoctoral researcher at the University of Wisconsin-Madison. He 
received his Ph.D. in Materials Science from the University of Catania (Italy) in 2017 and his M.Sc. 
in Chemistry from the University of Palermo (Italy) in 2013. His research focuses on the 
elucidation of reaction mechanism and electrocatalysts dissolution processes under reaction 
conditions, through the use of electronic-structure methods. 

Qihao Li received his B. S. in chemistry from Wuhan University (2016). He is now pursuing a 
Ph.D. degree in Lin Zhuang group. His research mainly focuses on alkaline electrolyte membrane 
fuel cell device techniques and the development of non-precious catalysts, including non-PGM 
HOR and ORR catalysts.

Xin Huang received his Ph.D. degree from the School of Applied & Engineering Physics at 
Cornell University in 2017. He is currently a postdoctoral associate in Cornell High Energy 
Synchrotron Source, working on in situ/operando X-ray studies in energy-related electrochemical 
systems and self-assembly of shaped nanocrystals.

Zhifei Yan received his B.S. in chemistry from the China University of Geosciences (2015), Ph.D. 
in chemistry from the University of Pennsylvania (2021). His research focuses on the ion 
management and mass transport in various electrochemical energy conversion systems.

Page 375 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:hda1@cornell.edu


375

Georgia Potsi is a postdoctoral associate at Cornell University. She owns a double Ph.D. in 
Materials Science from the University of Groningen (The Netherlands) and University of Ioannina 
(Greece) awarded in 2016. Her research focuses on the synthesis and characterization of carbon 
allotropes and 2D inorganic materials.

Ryan Selhorst is currently a Senior Research Scientist at Ecolectro Inc. He obtained a M.S. and 

Ph.D. in Polymer Science and Engineering from the University of Massachusetts Amherst and a 

Postdoctoral Research position at Carnegie Mellon University in Professor Kevin Noonan’s lab 

working on synthesis of novel materials for AEMs.

Xinyao Lu received her B.S. degree in chemistry at Nanjing University in 2016. She then joined 
Prof. Héctor D. Abruña’s group as a Ph.D. student at Cornell University. Her research focuses on 
the development and characterization of electrocatalysts and polymer electrolyte materials for 
AEMFCs.

Weixuan Xu received her B.S. degree at Nanjing University in 2018. She is currently a Ph.D. 
candidate at Cornell University under the supervision of Prof. Héctor Abruña. Her main research 
interest focuses on the synthesis of MOF-derived electrocatalysts for oxygen reduction reaction 
(ORR) in alkaline fuel cells.

Mariel Tader received her BS in Mathematics and Physics at Case Western Reserve University 
in 2016. She is currently a PhD candidate in Physics in the Arias group at Cornell University. Her 
research focuses on theory for membranes and catalysis in alkaline fuel cells using joint density-
functional theory (JDFT) methods.

Alexander Soudackov received his M.S. in Chemistry from the Lomonosov Moscow State 

University and his Ph.D. in Physics and Mathematics from Karpov Institute of Physical Chemistry 

in Moscow, Russia. He is currently a research scientist in the Hammes-Schiffer group at Yale 

University. 

Hanguang Zhang completed his Ph.D. in Chemical Engineering from the State University of New 
York at Buffalo (2019). He has been a postdoctoral researcher at Los Alamos National Laboratory 
since 2019. His current research focuses on the development of platinum group metal-free catalysts 
for electrocatalysis and fuel cells.

Mihail Krumov received his B.S. degree (2018) in Chemical Engineering at University of Illinois 
Urbana-Champaign. He is now pursuing a Ph.D. in the Abruña group at Cornell University. His 
research focuses on the use of scanning electrochemical microscopy for elucidating fundamental 
mechanisms in energy applications.

Page 376 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



376

Ellen Murray received her B.S. in Chemical Engineering and B.S. in Biochemistry from the 
Colorado School of Mines in 2014. In 2020, she received her PhD in Chemical Engineering from 
the University of Wisconsin-Madison under the supervision of Prof. Manos Mavrikakis. Her 
research interests focus on electrocatalysis and electronic materials.

Pengtao Xu received his Ph.D. in Chemistry from The Pennsylvania State University (2018). He 
is currently a postdoctoral researcher at Cornell University. His research focuses on the 
development of novel spectroscopic techniques to characterize electrochemical interfaces and 
elucidate electrocatalytic reaction mechanisms.

Jeremy Hitt received a B.S. in chemistry with an additional major in physics and minor in 
mathematics from The University of Alabama in 2017. He is currently pursuing a PhD in chemistry 
at the University of Pennsylvania under the supervision of Prof. Thomas E. Mallouk where his 
work is centered around electrocatalysis in fuel cells and carbon dioxide reduction. 

Linxi Xu received her B.S. in Chemistry and Computer Science from Wofford College in 2018. 
She is a third-year graduate student in Mallouk Group at the University of Pennsylvania. She 
studies electrocatalysis, especially the electrocatalysts for oxygen reduction reaction in the alkaline 
fuel cell.

Hsin-Yu Ko is a Postdoctoral Researcher in the DiStasio Group at Cornell University. He 
completed his Ph.D. in Theoretical Chemistry (2019) with Roberto Car at Princeton University. 
His research interests include developing algorithms for ab initio simulations of condensed-phase 
systems.

Brian G. Ernst grew up in Walnutport Pennsylvania. He received his B.S. in Chemistry from The 
Pennsylvania State University in 2016. He is currently a Ph.D. student at Cornell University in the 
DiStasio Group studying the theory and applications of density functional theory.

Colin Bundschu obtained his B.S. in Computer Science from Harvey Mudd College and his M.S. 
in Applied Physics from Cornell University. He is currently pursuing a Ph.D. in Applied Physics 
in the Arias Group at Cornell University. His research focuses on developing ab initio methods for 
calculating electrochemical reaction pathways.

Aileen Luo received her B.S. in Materials Science and Engineering from UC Berkeley in 2019. 
She is currently pursuing her Ph.D. at Cornell University, and her research focuses on synchrotron-
based X-ray characterization techniques. She is interested in energy materials and condensed 
matter systems.

Danielle Markovich received her B.S. in Engineering Physics at the University of Illinois at 
Urbana-Champaign (2019) and is pursuing a Ph.D. in Applied Physics at Cornell University). Her 
research involves the development of electron microscopy methods with a focus on studying 
energy materials.

Meixue Hu obtained her B. S. in chemistry from Wuhan University (2017). She is now a Ph. D. 
candidate in Lin Zhuang group. Her research focuses on designing alkaline polymer electrolytes 

Page 377 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



377

(both membrane and ionomer) to achieve high performance and proper water management for 
alkaline electrolyte membrane fuel cell.

Cheng He completed his Ph.D. in chemical engineering from Washington University in St. Louis 
under Prof. Vijay Ramani in 2019. He is currently a Postdoctoral Researcher in National renewable 
Energy Laboratory. He is now working on the high-performance alkaline fuel cell electrode design 
and diagnostic.

Hongsen Wang received his Ph.D. in Physical Chemistry from Beijing Normal University in 2001. 
He is a senior research associate in Prof. Abruña group at Cornell University now. His research 
mainly focuses on developing alkaline fuel cell catalysts and employing DEMS, FTIR, DFT and 
KMC simulations for mechanistic studies of energy-related electrocatalysis.

Jiye Fang is Professor of Chemistry and Materials Science & Engineering at State University of 
New York at Binghamton. His current research interests include the synthesis of shape-controlled 
nanocrystals, self-assembly and superstructure, lattice strain study on noble metal-based 
nanocrystals, advanced catalysts for fuel cell application in acidic and alkaline media.

Robert A. DiStasio Jr. is an Assistant Professor of Chemistry and Chemical Biology at Cornell 
University. An active contributor to the Q-Chem and Quantum ESPRESSO software packages, 
DiStasio focuses on the development, implementation, and application of novel methodologies 
that extend the frontiers of electronic structure theory in condensed-phase environments.

Lena F. Kourkoutis is an Associate Professor of Applied and Engineering Physics at Cornell 

University and the co-director of the Platform for the Accelerated Realization, Analysis, and 

Discovery of Interface Materials (PARADIM). Her group focuses on the development of novel 

cryogenic electron microscopy approaches to probe interface processes in materials and devices. 

Andrej Singer is an Assistant Professor in the department of Materials Science and Engineering 
at Cornell University. His research focuses on using coherent x-ray scattering techniques at 
synchrotrons and free-electron lasers to study non-equilibrium phenomena in a wide range of 
materials, spanning from quantum materials to applied energy materials in operando devices. 

Kevin J. T. Noonan is a Canadian-born chemist who completed his PhD and postdoc work at 
UBC and Cornell. He joined the Department of Chemistry at Carnegie Mellon in 2011 where he 
is currently an Associate Professor. His research interests are broadly centered around designing 
new molecules and polymers.

Li Xiao received her B.S. and Ph.D. from Wuhan University in Chemistry in 2005 and 2010, 
followed by one-year visiting in Prof. Abruña’s lab at Cornell University. She is now an associate 
professor in electrochemistry at College of Chemistry and Molecular Science at Wuhan University. 
Her research focuses on fundamental studies and mechanistic insights of electrode polyelectrolyte 
interfaces, specifically for energy conversion reactions.

Page 378 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



378

Lin Zhuang is Chuan-Sin Cha Professor in Electrochemistry at College of Chemistry and 
Molecular Sciences, Wuhan University. His research has been focused on electrocatalysis and 
hydrogen energy technology, including fuel cells, water electrolysis, and CO2 conversion.

Bryan Pivovar is a Senior Research Fellow at the National Renewable Energy Laboratory where 
he oversees electrolysis and fuel cell R&D. He has been a pioneer and served leadership roles in 
several technical areas related to fuel cell and electrolysis technology including sub-freezing 
effects, alkaline membranes, extended surface electrocatalysis, and H2@Scale.

Piotr Zelenay is Professor of Chemistry, Fellow of the Electrochemical Society., and Laboratory 
Fellow at Los Alamos National Laboratory. He is an expert in electrocatalysis and electrochemical 
energy conversion, including polymer electrolyte fuel cells. The primary focus of his 
internationally acclaimed research has been in recent years on platinum group-metal free 
electrocatalysts for oxygen reduction reaction.

Juan M. Feliu is Professor of Physical Chemistry at the University of Alicante. His research aims 
to establish relationships between surface structure and composition of metallic electrodes and its 
reactivity. He received the B.E. Conway Award (2008), the C.N. Reilley Award (2017), the A. 
Arevalo SIBAE Price (2018) and the ISE Gold Medal (2018). Editor-in-chief of Journal of 
Electroanalytical Chemistry since 2015.

Jin Suntivich is an associate professor of Materials Science and Engineering at Cornell University. 
He received B.S. in Materials Science and Engineering and B.A. in Integrated Science from 
Northwestern University, and Sc.D. in Materials Science and Engineering from Massachusetts 
Institute of Technology. Prior to Cornell, he was a postdoctoral fellow at Harvard University. His 
research focuses on electrochemical interfaces and materials for energy and sustainability.

Emmanuel P. Giannelis is the Walter R. Read Professor of Engineering and the Vice President 
for Research and Innovation at Cornell. His recent research has focused on Nanomaterials for 
Energy. He is a Fellow of the American Chemical Society and he is a member of the European 
Academy of Sciences.

Sharon Hammes-Schiffer received her B.A. in Chemistry from Princeton University in 1988 and 
her Ph.D. in Chemistry from Stanford University in 1993, followed by two years at AT&T Bell 
Laboratories. She was the Clare Boothe Luce Assistant Professor at the University of Notre Dame 
from 1995-2000, the Eberly Professor of Biotechnology at Pennsylvania State University until 
2012, and the Swanlund Professor of Chemistry at the University of Illinois at Urbana-Champaign.  
Since 2018, she has been the John Gamble Kirkwood Professor of Chemistry at Yale University.

Tomás Arias obtained his SB and PhD from MIT and is currently Professor of Physics at Cornell 
University. He has published ~80 scientific articles on novel methods for first principles 
calculations to address complex condensed-matter phenomena, with a recent focus on joint 
density-functional theory (JDFT) descriptions of electrochemical environments.

Page 379 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



379

Manos Mavrikakis is the Paul A. Elfers Professor of Chemical Engineering at the University of 
Wisconsin-Madison. His research interests include first-principles and microkinetic modeling of 
heterogeneous catalysis and electrocatalysis. He received the 2014 R. H. Wilhelm Award in 
Chemical Reaction Engineering (AIChE) and the 2019 Gabor A. Somorjai Award for Creative 
Research in Catalysis (ACS), and served as editor-in-chief of Surface Science between 2012 and 
2020.

Thomas E. Mallouk is Vagelos Professor in Energy Research in the Department of Chemistry at 
the University of Pennsylvania. His research focuses on the synthesis of inorganic materials and 
their application to solar and electrochemical energy conversion, surface chemistry and 
electrocatalysis, nano- and micro-robotics, and low dimensional physical phenomena.

Joel D. Brock is the Given Foundation Professor of Engineering in the School of Applied & 
Engineering Physics at Cornell University and is the Director of the Cornell High Energy 
Synchrotron Source (CHESS). He applies synchrotron-based x-ray scattering to materials research 
and develops new synchrotron-based x-ray tools and techniques.

David A. Muller is the Samuel B. Eckert Professor of Engineering in the School of Applied and 
Engineering Physics at Cornell University, and co-director of the Kavli Institute for Nanoscale 
Science at Cornell. His research interests include new electron microscopy methods for the atomic-
scale control and characterization of matter for applications in energy storage and conversion.  

Francis J. DiSalvo is the John A. Newman Professor of Physical Science at Cornell University 
since 1996. He was elected to the National Academy of Sciences in 1991. His group synthesizes, 
characterizes, and tests nanoscale materials, including solid state oxides, nitrides, or 
intermetallic compounds, for possible applications to renewable energy systems, such as 
catalysts or catalyst supports for fuel cells or electrodes for batteries.

Geoffrey W. Coates was born in Evansville, IN. He received his B.A. in Chemistry from Wabash 

College in 1989 and Ph.D. from Stanford University in 1994. After being an NSF Postdoctoral 

Fellow at the California Institute of Technology, he joined the faculty at Cornell University in 

1997. Research in the Coates group focuses on the preparation of new polymer architectures.

Héctor D. Abruña was born and raised in Puerto Rico. He received a B.S. in Chemistry from 

Rensselaer Polytechnic Institute in 1975 and a Ph.D. in 1980 from the University of North Carolina 

at Chapel Hill. From 1980-81 he was a Post-Doctoral Associate with A.J. Bard at the Univ. of 

Texas at Austin. After a brief stay at the University of Puerto Rico, he joined Cornell in 1983 and 

was Chairman of the Department of Chemistry and Chemical Biology from 2004-2008. He 

considers his students and Post-Docs as his most important achievements and contributions.

Page 380 of 460

ACS Paragon Plus Environment

Submitted to Chemical Reviews

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



380

ACKNOWLEGEMENTS: 

This work was supported by the Center for Alkaline-Based Energy Solutions, an Energy Frontier 

Research Center program supported by the U.S. Department of Energy, under Grant DE-

SC0019445. This work acknowledges the long-term support of TEM facilities at the Cornell 

Center for Materials Research (CCMR) which are supported through the National Science 

Foundation Materials Research Science and Engineering Center (NSF MRSEC) program 

(DMR1719875), and Cornell high-energy synchrotron sources (CHESS), which is supported by 

the National Science Foundation under Award DMR-1332208. We thank Alexandra Macbeth in 

the Coates group at Cornell University for intellectual discussion and comments on the manuscript. 

ABBREVIATIONS: 

AAEMFC: alkaline anion exchange membrane fuel cell
ADT: accelerated durability testing
AEM: anion exchange membrane 
AEMFC: anion exchange membrane fuel cell
AFC: alkaline fuel cell
AFM: atomic force microscopy
AIMD: ab initio molecular dynamics
ALD: atomic layer deposition
AM: alkali metals
APE: alkaline polymer electrolyte
APEFC: alkaline polymer electrolyte fuel cell
AP-XPS: ambient pressure X-ray photoelectron spectroscopy
ATR-FTIR: attenuated total reflection Fourier-transformed infrared spectroscopy
BEP: Bronsted-Evans-Polanyi
BET: Brunauer–Emmett–Teller
BF: bright-field
BMOF: bimetallic organic framework 
BTMA: benzyltrimethylammonium
CO2: O2 solubility
CB: carbon black
CCM: catalyst coated membrane
CDFT: classical density-functional theory
CDI: coherent diffractive imaging
CE: counter electrode
CEE: constant emission energy
CET: constant energy transfer
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CHE: computational hydrogen electrode
CL: catalyst layer
CNF: carbon nanofiber
CNT: carbon nanotube
COBRA: Coherent Bragg Rod Analysis 
COE: cyclooctene
CP: chronopotentiometry
Cryo-TEM: cryogenic transmission electron microscopy 
CT: computed tomography
CTR: crystal truncation rod
CV: cyclic voltammetry
CVD: chemical vapor deposition
CWDOS: cumulative weighted densities of states
CyMe: cyclohexylmethyl phosphonium
DABCO: 1,4-diazabicyclo[2.2.2]octane
DCAF: Difference Map Using the Constraints of Atomicity and Film shift
DEMS: differential electrochemical mass spectrometry
DFT: density functional theory 
DISP: disproportionation
DMA: dynamic mechanical analysis
DMP: dimethylpiperidinium
DOE: Department of Energy
DPD: dissipative particle dynamics
dq: degree of quaternization
DSC: differential scanning calorimetry
DWNT: double wall carbon nanotube 
EF: Fermi level
eg: electron occupancy
Eonset: onset potential
ECSA: electrochemical surface area
EC-STEM: electrochemical liquid-cell scanning transmission electron microscopy 
EC-XPS: electrochemical X-ray photoelectron spectroscopy
EDL: electrochemical double layer
EDX: energy dispersive X-ray spectroscopy
EELS: electron energy loss spectroscopy
EFEI: external forces explicitly included
EF-TEM: energy-filtered transmission electron microscopy
EIS: electrochemical impedance spectroscopy
ELNES: energy-loss near-edge structure
eq: equivalent
EQCM: electrochemical quartz crystal microbalance
ETFE: poly(ethylene-co-tetrafluoroethylene)
EV: electric vehicle
EVB: empirical valence bond
EWPC: exit-wave power-cepstrum
EXAFS: extended X-ray absorption fine structure
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fcc: face centered cubic
FCEV: fuel cell electric vehicle
FED: free energy diagram
FEP: fluorinated ethylene-propylene
Fe-TPPCN: nitrile-functionalized Fe-porphyrin derivative
Fe-TTP: Fe meso-tetraphenylporphyrine chloride
FLN: poly(fluorene)
FOV: field of view
FTIR: Fourier-transformed infrared spectroscopy
GC-MS: gas chromatography–mass spectrometry 
GDE: gas diffusion electrode
GDL: gas diffusion layer 
GGA: generalized gradient approximation
GISAXS: grazing incident small-angle X-ray scattering
GNP: graphene nanoplate
GO: graphene oxide
Hopd: overpotential deposited hydrogen
Hupd: hydrogen underpotential deposition
HAADF-STEM: high-angle annular dark-field scanning transmission electron microscopy
HAP: hydroxyapatite
HB: hydrogen bond
HBE: hydrogen binding energy
HB-PVBC: hyper-branched poly(vinylbenzyl chloride)
hcp: hexagonal closest packed
HDPE: high density polyethylene
HEMFC: hydroxide exchange membrane fuel cell
HER: hydrogen evolution reaction 
HERFD: high energy resolution fluorescence detection
HERFD-XAS: high energy resolution fluorescence detection X-ray absorption spectroscopy
HOMO: highest occupied molecular orbital
HOPG: highly oriented pyrolytic graphite
HOR: hydrogen oxidation reaction 
HSAB: hard-soft-acid-based
HSC: high surface-area carbon
i0: exchange current 
ik: kinetic current 
Ilim: diffusion-limited current
ICP-MS: inductively coupled mass spectroscopy
IEC: ion exchange capacity
IL-TEM: identical location transmission electron microscopy
IPA: isopropyl alcohol
IPN: interpenetrating poly network
IPrMe: isopropyl methyl phosphonium
IRRAS: infrared reflection absorption spectroscopy
ITC: isothermal titration calorimetry
ITO: indium tin oxide 
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jk: kinetic current density
jlim: diffusion-limited current density
jm: measured current density
jp: peak current density
JDFT: Joint Density Functional Theory 
ko: reaction rate constant
KB: Ketjen Black
KIE: kinetic isotope effect
KMC: kinetic Monte Carlo
LC-TEM: liquid-cell transmission electron microscopy
LDPE: low density polyethylene
LEED: later low energy electron diffraction
LRLO: lithium-rich layered oxide
LSM: layered synthetic microstructure
LSV: linear sweep voltammetry 
LUMO: lowest unoccupied molecular orbital
MA: mass-specific activity 
maBPP: multiangle Bragg projection ptychography
MBE: molecular beam epitaxy
MD: molecular dynamics
MEA: membrane electrode assembly
MKM: microkinetic model
MOF: metal-organic framework
M-N-C: metal-containing N-doped carbon
MPB: modified Poisson-Boltzmann 
MW: molecular weight
MWCNT: multiwall carbon nanotube
NBED: nanobeam electron diffraction
N-C: nitrogen-doped carbon
N-C-CoOx: nitrogen-doped carbon-CoOx
NP: nanoparticle
NQE: nuclear quantum effect
NRR: nitrogen reduction reaction
NSA: Near-surface alloys
NSTF: nano structured thin film
NW: nanowire
OCP: open circuit potential
OCV: open circuit voltage
OER: oxygen evolution reaction
ORR: oxygen reduction reaction
PA: poly(aromatics) or poly(arylene) 
PAE: poly(arylene ether)
PAES: poly(arylene ether sulfone)
PAN: polyacrylonitrile
PARADIGM: Phase and Amplitude Recovery and Diffraction Image Generation Method
PBI: poly(benzimidazole)
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PBP: poly(biphenylene)
PCET: proton-coupled electron transfer
PCM: polarizable continuum model 
PDS: peroxodisulfate, S2O8

2-

PE: polyethylene
PED: pulse electrodeposition 
PEG: poly(ethylene glycol)
PEMFC: proton exchange membrane fuel cell
PEPM: piperidinium functionalized polyethylene membranes
PGM: precious group metal 
pHpzc: pH of zero change
PLD: pulsed laser deposition
pme: potential of maximum entropy
PNB: polynorbornene
PP: polyphenylene
PPD: peak power density
PPF: post-polymerization functionalization
PPy: polypyrrole
PS: polystyrene
PTFE: polytetrafluoroethylene
PTP: poly(terphenylene)
PVA: poly(vinyl alcohol)
pzc: potential of zero charge
pzfc: potential of zero free charge 
pztc: potential of zero total charge 
QA: quaternary ammonium
QAPPT: poly(p-terphenyl-piperidinium)
QAPS: quaternary ammonium-functionalized poly(arylene ether sulfone)
QMMD: quantum mechanics molecular dynamics
QM/MM: quantum mechanics / molecular mechanics
Rct: charge transfer resistance
RCP: region of constant potential 
RDE: rotating disk electrode
RDeE: reversible deuterium electrode
RDS: rate determining step
RE: reference electrode
rGO: reduced graphene oxide
RH: relative humidity
RHE: reversible hydrogen electrode
RIXS: resonant inelastic X-ray scattering 
ROMP: ring-opening metathesis polymerization
RPD: reaction phase diagram
rPNB: ring-opening metathesis polymerization polynorbornene
RRDE: rotating ring disk electrode
SA: surface-specific activity
SANS: small-angle neutron scattering
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SAXS: Small-angle X-ray scattering
sccm: standard cubic centimeters per min
SEBS: Poly(styrene-ethylene-co-butylene-styrene)
SECM: Scanning electrochemical microscopy
SEIRAS: surface enhanced infrared spectrometry
SERS: surface-enhanced Raman spectroscopy 
SFG: sum frequency generation
SHE: standard hydrogen electrode
SHG: second harmonic generation
SHINERS: shell-isolated nanoparticles-enhanced Raman spectroscopy
SIE: self-interaction error
SMSI: strong metal-support interaction
SP: spirocyclic piperidinium
STEM: scanning transmission electron microscopy
STM: scanning tunneling microscopy
STXM: scanning transmission X-ray microscopy
SWCNT: single wall carbon nanotube
Tc: crystallization temperature
Tg: glass transition temperature
Tm: melting transition temperature
t1/2: half-life time
TEM: transmission electron microscopy
TER: total external reflection
TFY: total fluorescence yield
TGA: thermogravimetric analysis
T-jump: temperature-jump
TMA: trimethylammonium or tetramethylammonium 
TMAOH: trimethylammonium hydroxide
TMHDA: N,N,N,N-tetramethylhexamethylenediamine
TMO: transition metal oxide
TOF: turnover frequency
TPB: triple phase boundary
TXM: transmission X-ray microscopy
TS: transition state
TST: transition sate theory
UHV: ultrahigh vacuum
UME: ultramicroelectrode
UPD: underpotential deposition
UV-VIS: ultraviolet-visible
va: vinyl addition polymerization
vaPNB: vinyl addition polymerization polynorbornene
vdW: van der Waals
v/v: volume/volume
WAXS: wide-angle X-ray scattering
WC: tungsten carbide
WE: working electrode
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wt%: weight percent
WU: water uptake
XANES: X-ray absorption near edge structure
XAS: X-ray absorption spectrometry
XL: cross-link
XPS: X-ray photoelectron spectroscopy
XRD: X-ray diffraction
XRF: X-ray fluorescence
XSW: X-ray standing wave
ZIF: zeolitic imidazolate framework

G: Gibbs free energy ∆
Sº: standard entropy change∆
Hº: standard enthalpy change∆
Gº: standard Gibbs free energy change∆
Gf: formal molar Gibbs free energy∆
GO: adsorption energy of oxygen∆
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