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Abstract 

Metal-free carbon-based catalysts have gained much attention during the last 15 years as 

an alternative towards the replacement of platinum-based catalysts for the oxygen 

reduction reaction. However, carbon-based catalysts only show promising catalytic 

activity in alkaline solution. Concurrently, the most optimized polymer electrolyte 

membrane fuel cells use protonic exchange membranes. This means that the cathode 

electrode is surrounded by a protonic environment in which carbon materials show poor 

performance, with differences above 0.5 V in EONSET for non-doped carbon materials. 

Therefore, the search for highly active carbon-based catalysts is only possible if we first 

understand the origin of the poor electrocatalytic activity of this kind of catalysts in 

acidic conditions. We address this matter through a combined experimental and 

modelling study which yields fundamental principles on the origin of the pH effects in 

ORR for carbon-based materials. This is relevant for the design of pH-independent 

metal-free carbon-based catalysts.  

Introduction 
The oxygen reduction reaction is one of the determining limiting factors in polymer 

electrolyte membrane fuel cells (FC) because of the high overpotential and low reaction 

rate1,2. Platinum is nowadays the most catalytic material towards ORR; however, 

platinum-based electrodes have important disadvantages, such as high cost, low 

durability or low resistance towards methanol and CO poisoning3. These limitations 

make highly desirable the replacement of this precious metal by other materials. In this 

sense, carbon materials have been proved as a promising alternative towards platinum 

replacement because of their high catalytic activity along with more suitable 

characteristics4. In non-doped carbon materials, the ORR catalytic activity is linearly 

correlated with the amount of active sites or active surface area as determined from O2 
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chemisorption5. However, it is also well-known, since the pioneer work published by K. 

Gong et al6, that the incorporation of nitrogen heteroatoms generates active sites with 

much higher activity than the obtained by heteroatom-free carbon materials. This is in 

agreement with a recent study in which a highly porous carbon was doped with N 

atoms, but without modifying other parameters such as porosity, showing a significant 

improvement in activity towards the ORR7. Unfortunately, the high catalytic activity of 

N-doped carbon materials has only been demonstrated in an alkaline electrolyte, 

whereas in an acidic electrolyte, the performance of metal-free carbon-based catalysts 

suffers an important decrease in terms of activity8,9. 

This is relevant since heretofore the most developed, and commercially available, 

polymer electrolyte membranes for the fuel cells are proton exchange membranes10–12. 

This means that the cathode electrode, in these conditions, is surrounded by an acidic 

environment. Thus, the catalytic activity of those carbon-based materials in the alkaline 

electrolyte is inefficient for the current polymer electrolyte membrane fuel cells. 

Therefore, efforts should be applied to the improvement of carbon-based catalysts for 

their application in an acidic environment. However, there is still a consistent lack of 

knowledge regarding the performance and reaction mechanism of those catalysts in a 

protonic electrolyte. The fundamental reasons why carbon materials (doped or not) 

show poor catalytic activities towards oxygen reduction reaction in acidic environments 

are still unknown. Nevertheless, some works have tried to explain the reasons of this pH 

dependence. In a previous work, Noffke et al. addressed the reasons for the pH-

dependent behaviour with computational models13. These authors suggested the 2 

electron pathway as the preferred route in acidic environment and 4 electrons pathway 

as the preferred route in alkaline solutions, however, most of the experimental works 

available show the opposite behaviour 8,14–16. This fact is pointed out in the work of 
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Behan et al.17. They evaluated the performance of different N-doped carbon materials 

towards ORR as a function of the pH, where a clear decrease of the catalytic activity 

and higher selectivity towards water production were observed for all carbon-based 

materials in acidic media. Moreover, the authors suggested that this pH effect was 

augmented if the ORR takes place in active sites generated by quaternary nitrogen 

species. Other previous experimental work18 corroborated this aspect; the performance 

of carbon-based catalysts in alkaline environment is higher than in acidic media. 

However, the reasons of this pH dependence are still contradictories and unclear. 

In this work, we fill this gap providing a coherent understanding of the effect of pH on 

the catalytic activity of non-doped and N-doped carbon materials through a combined 

experimental and computational study. To this end, a non-doped carbon material and a 

selectively N-doped carbon material have been tested as electrocatalysts in both 

environments. Computational modelling, based on Density Functional Theory (DFT), 

has been performed providing a matching interpretation for the different behaviour for 

non-doped and N-doped carbon materials in ORR catalytic activity in different 

electrolytes.  

Experiments and computational methods 

Materials and synthetic procedure.  

Polyaniline was obtained from the polymerization of aniline monomers, according to 

our previous publications19,20. N-doped carbon material was obtained as reported in a 

previous study, through a double-stage heat treatment of polyaniline20. This specific 

double stage heat treatment enables the synthesis of a N-doped carbon material with 

only one nitrogen species; edge-type graphitic nitrogen functional group20.  
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Characterization.  

Transmission Electron Microscopy (TEM) was employed to characterize the 

morphology of the sample. N2-adsorption isotherm analyses at -196 ºC were used to 

determine the textural properties of the material. The apparent surface area was obtained 

from BET theory. Micropore volume was calculated from the Dubinin-Radushkevich 

equation. Raman spectroscopy was carried out to get information about the structural 

order of the samples. X-ray photoelectron spectroscopy (XPS) was performed to 

evaluate the oxidation states of the nitrogen functionalities. The N1s spectra were 

deconvoluted by employing least-squares fitting with Gaussian-Lorentzian curves. More 

detailed description of equipments and procedures for the above mentioned 

physicochemical characterization can be found in our previous works19,20. 

The electrochemical characterization and electrocatalytic properties towards the ORR 

were evaluated through a rotating ring-disk electrode. The sample was deposited onto a 

glassy carbon disk electrode through drop-casting method. Further details can be found 

in our previous work20. 

ORR catalytic activity was studied through linear sweep voltammetry curves (LSV) 

between 1.0 and 0.0 V vs RHE at different rotation rates in both alkaline and acidic 

electrolytes: 0.1 M KOH and 0.1 M H2SO4 solution, respectively. Moreover, the 

number of transferred electrons was calculated from the Pt ring electrode, which was 

held at 1.5 V during ORR measurements, as follows: 

𝑛 =
4𝐼𝑑

𝐼𝑑 + 𝐼𝑟 𝑁⁄
 

Computational Modelling.  

Density functional theory (DFT) models at the M06-2X/6-31G(d) level used thorough 

this work were computed with Gaussian 0921 with restricted and unrestricted 
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Hamiltonians for closed-shell (S=0) and open-shell (S=1/2) systems, respectively. The 

changes in energy for ORR stages were calculated as the difference in free energy from 

the solvation optimized geometries and are reported in eV (1 Hartree = 27.2116 eV). 

The free energy diagrams of ORR have been computed according to Norskov model22. 

The model structures used consist of finite graphene carbon monolayers (or flakes) with 

72 and 86 atoms for the non-doped carbon flake and N-doped carbon flake, 

respectively. The non-doped and N-doped carbon configurations and ORR 

intermediates were computed as singlets or doublets. A triplet state was used to 

compute the oxygen molecule. Tables S1, S2 and S3 include the most important 

numerical values of the free energies for each ORR step. 

Results and Discussion 

Experimental results 

The non-doped carbon material was a commercial carbon black while the N-doped 

carbon material was prepared from double-stage heat treatment of polyaniline which 

enables the selective formation of quaternary nitrogen species20. The double heat 

treatment of polyaniline was performed, first, under oxygen-containing atmosphere to 

favour the development of porosity in the resultant carbon material and, secondly, under 

inert atmosphere at 1200ºC to tailor the nitrogen functionalities. The resultant N-doped 

carbon material was characterized in detail by TEM, N2-adsorption isotherms at -196ºC, 

Raman spectroscopy and XPS. TEM images (Figure 1a) display the laminar 

morphology of N-doped carbon material, typical of PANI-derived carbon materials16. 

The N2-adsorption isotherm (Figure 1b) shows that the material has both a high surface 

area of 1400 m2·g-1 and a micropore volume of 0.51 cm3·g-1. This N2-adsorption profile 

is characteristic of carbon materials with highly developed microporosity23. Raman 

spectra (Figure 1c) contains the characteristic D (at around 1350 cm-1) and G (at around 
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1600 cm-1) bands of sp2 based carbon materials and the spectrum is typical of carbon 

materials with low structural ordering.  

  

Figure 1: (a) TEM images, (b) N2-adsorption isotherm at -196ºC, (c) Raman spectra and (d) N1s spectra of N-doped 

carbon material obtained from the double-stage heat treatment of polyaniline. 

The nitrogen content was determined by XPS and CHNS analysis. The surface nitrogen 

content was 1.4 at.%, whereas the CHNS analysis determined that the bulk nitrogen is 

around 0.7 at.%. This means that there is a heterogeneous distribution of the nitrogen 

atoms in the material with a higher surface concentration. Furthermore, Figure 1d shows 

the N1s spectra of the N-doped carbon material, in which solely the presence of 

quaternary-type nitrogen species is appreciable. These quaternary functionalities are 
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obtained from a transformation of pyridines and pyridone species into edge-type 

quaternary nitrogen due to the high temperature used during the second heat 

treatment20,24. More details of the extended characterization and heat treatment of this 

N-doped carbon material can be found in our previous work20. In any case, in the 

supporting information, we have included the N1s spectra for the sample obtained after 

the initial treatment in O2-containing atmosphere up to 1000 ºC, where different N 

functionalities are observed, and for the final material used in this manuscript (Figure 

S1). The N1s spectrum for the material used in this work is relevant since edge-type 

quaternary nitrogen species have been connected to the high catalytic performance of 

many carbon-based catalysts in alkaline electrolyte20,24–27. The obtention of only one 

nitrogen species in the carbon matrix allows us to evaluate the effect of one nitrogen 

functional group from experimental and computational modelling points of view. 

According to this, non-doped commercial carbon material and the selectively N-doped 

carbon material, obtained from double heat treatment, were tested as electrocatalysts 

towards the oxygen reduction reaction. The electrochemical experiments were run in 

two conditions: a 0.1 M KOH solution and 0.1 M H2SO4 solution. Fig. S2-S5 display 

the LSV curves at rotation rates from 400 to 2025 rpm for both materials in alkaline and 

acidic electrolyte. As a summary, Figure 2 includes the LSV curves for all materials in 

acidic and alkaline medium at a rotation rate of 1600 rpm for comparison purposes. 

Concerning the non-doped carbon material, the catalytic activity of this material shows 

an onset potential (EONSET) of 0.80 V vs RHE and high selectivity towards H2O2 

formation (number of transferred electrons close to 2) in alkaline solution (orange 

lines). On the other hand, the same material in acidic solution (blue lines) shows a 

significant decrease in the catalytic activity, with an EONSET close to 0.3 V vs RHE. 

Regarding the selectivity in acidic medium, 4 electrons pathway seems to be the 
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preferred route. Therefore, the non-doped carbon material seems to reduce oxygen more 

easily in an alkaline solution with high selectivity towards hydrogen peroxide 

formation. However, water production predominates under acidic conditions although 

with higher overpotential. 

 

Figure 2: Number of electrons transferred (top) and LSV curves (bottom) for the Non-doped carbon material (left) 

and the N-doped carbon material (right) in O2-saturated 0.1 M H2SO4 (blue lines) and 0.1 M KOH solutions (orange 

lines) at 5 mV s-1 and 1600 rpm. 

Figures 2 also includes the LSV curves of the selectively N-doped carbon material in 

the same conditions. In alkaline conditions (orange lines), N-doped carbon material 

shows high catalytic activity with higher EONSET potential, approaching platinum-like 
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performance. Moreover, one of the most interesting properties of the N-doped catalyst is 

its high selectivity towards water formation. However, both limiting current density and 

onset potential suffer an important decrease in an acidic solution (blue lines). 

Unfortunately, this decrease is too high (above 0.2 V in EONSET), making these materials 

unsuitable to replace commercial platinum catalysts in acidic conditions. Regarding the 

selectivity, in contrast to the non-doped material, the N-doped carbon material shows a 

similar number of electrons transferred regardless of the electrolyte used during the 

electrochemical reaction.  

Modelling 

In order to get further insights about the different behaviour of non-doped and N-doped 

carbon materials, computational modelling, based on DFT, was performed (see 

Computational modelling in Experimental section for methodology details). A finite 

non-doped graphene flake was selected to represent the behaviour of non-doped carbon 

materials as electrocatalysts for ORR. On the other hand, one nitrogen atom was 

introduced into a similar graphene flake in a zigzag edge-type graphitic position to 

model the edge-type graphitic nitrogen experimentally obtained in the selective N-

doped carbon material (Figure S6). We have only evaluated edge-type graphitic 

nitrogen in zigzag position (and not armchair), because previous works have shown that 

only edge-type quaternary nitrogen groups in zigzag position can produce an oxygen 

reduction through 4 electron pathway25. From the experimental results (number of 

electrons transferred, Figure 2), we assume that the sites at zigzag positions are the main 

sites in the material. Computations were performed with the M06-2X functional with 

the 6-31g(d) basis set. All models were embedded in a water continuum with a 

continuous polarization model as the inclusion of the environment has been found to be 

fundamental for the quantitative simulation of ORR28,29. In addition, this model was 
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augmented by two water molecules that allow for the explicit formation of hydrogen 

bonds, following recent studies which demonstrated the necessity of including explicit 

water molecules to provide improved energetics in models of carbon-based catalysts for 

ORR28,30. The acidic environment and the role of protons in ORR carbon-based 

catalysts was studied by substituting one water molecule by a hydronium (H3O
+) cation 

(Figure S7).  

The optimization of the non-doped carbon flake in the presence of one H3O
+ reveals that 

the cation binds to the carbon flake, near the negative partial charges in the edges of the 

carbon material31, which attract protons due to electrostatic interactions (Figure S8). 

This indicates that edge sites of a non-doped carbon material are likely surrounded by a 

protonic environment. Interestingly, this effect is minimized in N-doped carbon flakes. 

The dopant nitrogen atoms are positively charged and, consequently, repel protons so 

that a lower local concentration of protons in the vicinity of this nitrogen functionality is 

expected. In fact, in our static calculations, H3O
+ molecules moved away from the 

active sites and prefer to sit on basal positions (Fig. S9). These observations indicate 

that the acidic pH should have a lower effect in the catalysis of a carbon material doped 

with this nitrogen functional group because of a lower concentration of protons in the 

vicinities of the active sites.  

Nevertheless, in order to evaluate the influence of H3O
+ ions in the ORR intermediates, 

the following sections discuss the free energy diagrams and mechanisms of the ORR in 

Non-doped and N-doped carbon flakes assuming an equal concentration of protons in 

the neighbourhoods of the active sites, for comparison purposes. 
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Non-doped carbon materials 

Figure 3 shows the free energies of the most stable configuration for all ORR stages in 

Non-doped carbon flakes and Figure 4 shows the ORR intermediates in alkaline and 

acidic media.  

 

Figure 3: Free energy diagram for the ORR of non-doped carbon flakes in alkaline (orange) and acidic (blue) 

environments, calculated for 1.23 V NHE. 
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Figure 4: Molecular models for all stages of the ORR of Non-doped carbon flakes in acidic (top) and alkaline 

(bottom) environments.  

Oxygen chemisorption is the first stage of this reaction that can occur through different 

configurations; terminal or bridging binding modes32. In the non-doped carbon flake, 

oxygen molecules are chemisorbed on terminal positions in both environments. 

However, the acidic conditions favour strongly the formation of >C(H)-O-O due to the 

spontaneous protonation of the terminal oxygen atom from the reaction yielding >C(H)-

O-O-H+ (Figure S10). Then, regardless of the electrolyte, the first reduction stage in the 

non-doped carbon flake leads to an >C(H)-O-O-H intermediate. The key stage is the 

second reduction step, which may take two forms: the first one leads to the cleavage of 

the bond between both oxygen atoms (resulting in the formation of one water molecule 

and a >C(H)-O intermediate) and the second one leads to the cleavage of the carbon and 

oxygen bond (which results in the formation of hydrogen peroxide). In acidic 

electrolyte, the most stable configuration is the formation of one water molecule and the 

>C(H)-O intermediate (Figure 5). This occurs because, in acidic conditions, the >C(H)-

O intermediate is strongly stabilized via protonation (>C(H)-O···H3O
+). In contrast, the 

lack of protons in alkaline environments makes the formation of a >C(H)-O 
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intermediate energetically less favourable since such stabilization is lower with water 

molecules. In fact, both mechanisms (formation of >C(H)-O intermediate or hydrogen 

peroxide) are similar in thermodynamic terms for alkaline environments (see dotted line 

in Figure 3).  

 

Figure 5: Molecular models and SCF Free energies of the two possible pathways in the second reduction stage by 

using the carbon flake as electrocatalysts in acidic environment. Carbon in grey, oxygen in red and hydrogen in 

white. 

We computed the Potential Energy Surface (PES) for the desorption of both products 

(OOH- and OH-) in alkaline medium at different distances (Figure 6). Note that the non-

doped carbon flake was negatively charged with the aim of accounting for the electron 

supply. The desorption of OOH- was found to be energetically more favoured than the 

desorption of OH- anions, which indicates that the 2 electron pathway is the preferred 

pathway for non-doped carbon materials in alkaline medium. This is consistent with the 
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experimental results. Both desorptions are endothermic, but they do not present 

additional activation energy barriers.  

 

Figure 6: Potential Energy Surface (PES) of the desorption of OOH- (orange) and OH- (blue) of the second oxygen 

reduction stage in which the OOH- desorption involves the future H2O2 formation and OH- desorption leads to the 

formation of one water molecule and C-O as a reaction intermediate.  

The protonic environment does not only have a direct impact on the selectivity but also 

plays a fundamental role in the catalytic activity. The protonation of some ORR 

intermediates under acidic conditions are strongly stabilized so that the required energy 

to continue with the reaction is considerably higher in a protonic environment than in 

alkaline conditions (see Figure 3 for free energies). These results are in agreement with 

the experimental results presented in Figure 2 and can explain the role that different 

environments play in the catalytic behaviour of Non-doped carbon catalysts.  

Nitrogen-doped carbon material 

We performed the same computational study on the N-doped carbon flake. Figure 7 

shows the free energies of the most stable configuration for all ORR stages in N-doped 

carbon flakes and Figure 8 shows these ORR intermediates in alkaline and acidic media.  
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Figure 7: Free energy diagram for the ORR of N-doped carbon flakes in alkaline (orange) and acidic (blue) 

environments, calculated for 1.23 V NHE. 

 

 

 

Figure 8: Molecular models for all stages of the ORR of N-doped carbon flakes in acidic (top) and alkaline (bottom) 

environments.  

 

Unlike Non-doped carbon flakes, the oxygen chemisorption mode is strongly dependent 

on pH for N-doped carbon flakes. First, in an acidic environment, the terminal binding 

mode is the only stable configuration in thermodynamic terms. This is again due to the 

-3

-2

-1

0

1

2

3

F
re

e 
en

er
g
y
 /

 e
V

Reaction coordinate

Acidic: N-doped carbon cluster

Alkaline: N-doped carbon cluster

>C(H) + O2

4(H2O + e-)

>C(H)-O-O-(H)C<

4(H2O + e-)

>C(H)-O-O-H+

4(H+ + e-)

>C(H)-O + 

>C(H)-O-H

3(H2O + e-)

>C(H)-O-O-H

3(H+ + e-)

>C(H)-O-H+ + 

H2O

2(H+ + e-)

2 >C(H)-O-H

2(H2O + e-)

>C(H)-O-H +

H2O

(H2O + e-)
>C(H) +2H2O

>C(H)-O-H +

H2O

(H+ + e-)

>C(H) +2H2O
>C(H) + O2

4(H+ + e-)



17 
 

strong interaction, via protonation, between the terminal oxygen from the >C(H)-O-O 

and the H3O
+ ion of the solution, in agreement with what was observed in the non-

doped carbon catalysts. The following steps of the reaction are similar to those for the 

non-doped carbon materials in acidic conditions, where the protonic stabilization of the 

second ORR intermediate (>C(H)-O-H+) leads to a 4 electrons pathway and the 

consequent water formation (see Figure 8 for the mechanisms).  

ORR mechanism for edge-type graphitic nitrogen in alkaline conditions has been 

previously studied in the literature20,25,26,33–35. The key part of the mechanism is that the 

presence of the nitrogen functionality induces chemisorption of the oxygen molecules in 

a bridging binding mode (>C(H)-O-O-(H)C<) in the absence of protons. This modifies 

the ORR mechanism compared to the non-doped carbon material in alkaline conditions 

so that the subsequent reduction stage leads to the cleavage of the O-O bond and, 

finally, to the formation of two water molecules. The mechanism is included in Figure 

8.  

Thus, for N-doped carbon flakes, the mechanism is always governed by a 4 electrons 

pathway regardless of the electrolyte in agreement with the experimental results. In 

addition, similar to what was observed in the non-doped carbon materials, the 

differences in activity between electrolytes are related to the high stabilization of the 

protonated ORR intermediates.  

Furthermore, interesting observation can be considered from the obtained results. We 

find that highly stable C-O-H species are formed in acidic conditions. Hence, through 

the ongoing reaction, the initial N-C species (with some protons in the vicinity) will be 

transformed into N-C-O-H, which would constitute a real active phase.  
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Sabatier´s principle36 provides the idea that the best catalysts should not bind atoms or 

molecules too weakly in order to be able to activate them, but neither should bind them 

too strongly, to allow the reaction to proceed until the desorption of the products. 

Interestingly, this principle can be extrapolated to the oxygen reduction reaction in these 

metal-free carbon-based catalysts. In acidic environments, the protonic stabilization in 

some steps of the ORR induces a too strong binding of the intermediates to the catalytic 

site, which hampers the completion of the reaction, whereas the lack of protons in 

alkaline conditions enables an easier termination of the reaction.  

Conclusions 
In summary, experimental and computational approaches agree on the fact that under 

the presence of a protonic environment, metal-free carbon-based catalysts suffer an 

impoverishment in their activity. Computational studies show that this is because of the 

strong stabilization of some ORR intermediates. Due to such stabilization, the following 

ORR steps require high energy to occur. Furthermore, the protonic environment does 

not only modify the catalytic activity of these materials but also changes the mechanism 

by which ORR takes place. On the one hand, in acidic solution, 4 electrons pathway is 

the preferred route regardless of whether carbon material is doped with nitrogen or not. 

On the other hand, in alkaline conditions, ORR for non-doped carbon materials occurs 

through a 2 electrons pathway, whereas for N-doped carbon materials the preferred 

reaction mechanism is still the 4 electrons pathway. The understanding of the reasons 

why metal-free carbon-based catalysts show poorer catalytic activity in a protonic 

environment should be the guiding principle for the improved design of advanced 

carbon materials with highly efficient catalysis in acidic conditions. Nevertheless, the 

negative effect of acidic medium seems to be of great importance for designing 

advanced N-doped carbon-based catalysts; in terms of EONSET, 0.2 V for N-doped 
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carbon materials and 0.5 V for non-doped carbon materials. We hypothesize that for 

further improvement of carbon-based catalysts, additional functional groups may be 

needed that may modify the local acid/base properties. However, we believe that the 

increase in the catalytic properties up to platinum-like performance will be difficult and 

will remain as a challenge. Probably, the synthesis of adequate alkaline exchange 

membranes could be one of the options for the technological application of N doped 

carbon materials catalysts in fuel cells.  
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