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Abstract Proton exchange ionomer’s structure and the wetting conditions have a great impact on 

the microenvironment at the three-phase interphases in the membrane electrode 

assemblies(MEAs) of polymer electrolyte membrane fuel cells (PEMFCs), which can significantly 

influence the electrode kinetics. Herein, by using the Pt(111)|X ionomer interface as a model 

system (X= Nafion, Aciplex, D72), we found that higher drying temperature lowers the onset 

potential for sulfonate adsorption and lowers apparent current for ORR, while the current wave for 

OHad drops and shifts positively. Surprisingly, the intrinsic ORR activity is higher after proper 

correction of the blocking effect of Pt active sites by sulfonate adsorption and the PTFE skeleton. 

These results are well explained by the reduced water activity at the interfaces obtained after 

ionomer / PTFE coating, according to the mixed potential effect. Implications on how to prepare 

MEAs with improved ORR activity are provided. 
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1. Introduction  

Proton exchange membrane fuel cells (PEMFCs) are one of the most promising power sources 

for automobiles, portable electronics, and other industrial and civil applications.[1] The 

composition and structure of the membrane electrode assemblies (MEAs) in the PEMFCs 

determine the cell performance and the operating energy efficiency.[2, 3] The catalyst layers in the 

MEAs of PEMFCs are the places where electrode reactions take place. Optimized performance of 

the PEMFCs can only be realized using MEAs with the right structure, catalysts amount and 

composition, proton exchange ionomer, and supporting materials. To ensure that, the catalytic 

activity, the proton, and electronic conductivity as well as the mass transport for both reactants 

and products have to be optimized simultaneously. Major improvements have been achieved in 

the past decades by optimizing the catalysts, supports, and ionomer. Thus, Pt-based nanoparticles 

(NPs) with optimized electrocatalytic activity have been developed,[4-6] and carbon supports with 

optimum composition, particle size, and electronic conductivity have been synthesized.[7, 8] 

Perfluorosulfonic acid (PFSA) ionomers, consisting of hydrophobic perfluoro-alkyl-chain with fully 

perfluorinated ether side-chain terminated by hydrophilic -SO3H anions, have been well confirmed 

to act as good proton conductors as well as binders for the nano-catalysts and the carbon 

support.[9-11] The humidity degree of the ionomers as well as the specific adsorption of sulfonate 

on Pt-based nano-catalysts dramatically alter the electrocatalysts’ mass activity.[12, 13]  

Mitigation of the sulfonate adsorption on the nano-catalysts while maintaining good proton 

conductivity and mass transport conditions in the PEMFCs is a prerequisite in order to improve cell 

performance. To this end, information on how the molecular structure of the ionomer and the 

conditions for preparing the MEAs affect the adsorption behavior of the sulfonate group as well as 

how sulfonate adsorbates impact the kinetics of fuel cell reactions will be crucial for the 

development of more efficient fuel cells. A diminution in the structural complexity of the interface 

for practical MEAs would be very helpful to reach these goals. One approach is the use of model 

systems composed of well-defined single crystalline Pt(hkl)|ionomer interfaces. Despite that, the 

research on this type of interface is still very limited. Previous studies have clearly shown that 

sulfonate adsorption at the Pt|ionomer interface gives rise to the appearance of well-defined 

peaks in the double-layer region of the cyclic voltammograms (CVs).[14-17] For ionomers with 

longer side-chain, the coverage of sulfonate adsorption is found to be higher, which correlates well 

with a stronger inhibition of kinetics for oxygen reduction reaction (ORR).[18, 19] Furthermore, the 

adsorption of the sulfonate group is confirmed to be enhanced with the drying of the ionomer, as 

indicated by a negative shift of the onset potential for its adsorption.[20] One recent study suggests 

that ionomer with ring-structured backbone can deliver higher power density, probably due to the 

suppression of densely layered folding of polymer backbones near the catalyst surfaces, which 

mitigates the poisoning of the catalyst by sulfonate groups and increases oxygen solubility.[21] 



4 

Furthermore, some ionic liquids (IL), tetrahexylammonium cations, cyclohexanol, or ionic covalent 

organic framework (COF) nanosheets present at the Pt catalyst|Nafion interface are found to 

prevent the specific adsorption of sulfonate and can act as promising modifiers to improve ORR 

kinetics.[22-26] Although a consensus on the deactivation of the electrocatalysis by sulfonate 

adsorption has been reached, information on the dependence of sulfonate adsorption on the 

humidity degree as well as on the extent to which ORR is inhibited due to sulfonate adsorbate is 

scarce.[20]  

Besides blocking active sites, sulfonate adsorbate may induce more complex electrostatic 

double-layer effects or electronic effects at the electrocalaysts|ionomer interface. Furthermore, 

the change of the humidity degree not only regulates sulfonate adsorption but also affects OHad 

adsorption and the chemical potential as well as the hydrogen bond network of water at the 

catalsyt|ionomer interfaces. The latter has been suggested to significantly alter the ORR kinetics.[20,

27, 28] To unveil the roles of such variables, we have systematically investigated the Pt(111)|ionomer 

interfaces by using Nafion, Aciplex, and D72 as proton exchange ionomers (Fig.1). Using Nafion as 

the reference ionomer, the roles of the hydrophobicity and the length of the surface chain will be 

investigated. Aciplex has a similar equivalent molecular weight and side-chain length while it is 

slightly more hydrophobic than Nafion due to the lack of the ether group in the middle of the side 

chain. D72 has a shorter side chain and a lower equivalent molecular weight. The effect of the 

drying temperature on the adsorption behavior of sulfonate and OHad as well as ORR kinetics at 

the Pt(111)|ionomers interfaces will be also discussed. The drying temperature will change the 

humidity degree of the ionomer, which alters the water activity as well as the electrostatic double-

layer effect induced by sulfonate adsorbate.[29, 30] The results obtained here will definitively serve 

to develop strategies on how to boost PEMFCs performance by exploiting the positive effect of a 

low water activity and how to mitigate the adverse effect of sulfonate adsorption.  

Fig. 1 Chemical structure of different proton exchange ionomers used in the construction of 

Pt(111)|ionomer interface in this study. 
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2. Experiment  

The working electrode (WE), i.e., the Pt(111) single crystal electrode, is fabricated from a small 

metal bead using Clavilier’s method.[31-33] The ionomer-coated Pt(111) electrode is prepared with 

Aciplex (Asahi KASEI, EW=1130 g/eq), Nafion (DuPont, EW=1140 g/eq), and Aquivion Dispersion 

D72-25BS (Solvay, EW=720 g/eq, Fig.1), according to the procedure described in reference [16]. 

The electrochemical experiments are conducted in a conventional three-electrode glass cell at 

room temperature. The counter electrode (CE) is Pt wire and the reference electrode (RE) is 

Ag/AgCl (with saturated KCl solution) electrode. All the potentials quoted in this work are against 

the reversible hydrogen electrode (RHE). The electrode potential is controlled by an Autolab 302N 

potentiostat. Current densities are calculated using the active area of the electrode, which, for 

single-crystal electrodes, coincides with the geometrical area. A 90% ohmic resistance 

compensation is automatically applied by the potentiostat using the positive feedback option. 

Solutions of 0.1 M HClO4, 0.05 M H2SO4, and 0.1 M HClO4+x M H2SO4 are prepared using perchloric 

acid (70%, Sigma Aldrich), sulfuric acid (96%, Sigma Aldrich), and ultra-pure water (18.2 MΩ, from 

Milli Q water system). During the experiments, solutions were deaerated using Argon (99.999%, 

the Linde Group, China). For the ORR experiments, hanging meniscus rotation disk experiments 

were carried out in oxygen (99.999%, the Linde Group, China) saturated solutions. The electrode 

rotation rate is controlled by modulated rotator (Hokuto Denko Ltd.).  
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3. Results and discussion 

3.1 Impact of drying temperature on sulfonate and OH adsorption at Pt(111)|Aciplex interfaces 

Fig.2a shows the cyclic voltammograms (CVs) of the Aciplex thin film-coated Pt(111) model 

interface prepared under different drying temperatures. For comparison, the CV of the unmodified 

Pt(111) electrode in 0.1 M HClO4 is also included in Fig.2a. To better understand how the interfacial 

structure affects the ORR, control experiments in 0.1 M HClO4, 0.05 M H2SO4 as well as 0.1 M HClO4 

+ x M H2SO4 (x= 10-4, 10-5 and 4×10-6) have also been carried out (Fig. S1a). The CV of the 

unmodified Pt(111) electrode in HClO4 solutions can be divided into three potential regions. The 

current signal between 0.05 and 0.4 V is mainly associated with the under-potential deposition of 

H (HUPD) on the Pt surface. In the negative scan direction, HUPD is formed from the proton discharge 

whereas the current in the positive scan direction corresponds with the oxidative removal of HUPD. 

This region is followed by a double layer (DL) region from 0.4 to 0.6 V and then by the reversible 

OH adsorption region from 0.6 to 0.95 V. In acidic media, the adsorption/desorption of OH comes 

from water oxidation/reduction processes. For the Pt(111)|Aciplex interface prepared with a 

drying temperature of 120 °C, the current signals for HUPD in the potential region from 0.4 to 0.25 

V are slightly smaller than those obtained for the unmodified Pt(111) electrode. The overall integral 

charge is ca. 12% lower than that of the Pt(111)|0.1 M HClO4 interface. The diminution of the 

hydrogen charge in this region can have two different origins. First, it could be due to a diminution 

of the active sites at the Pt(111) surface due to physical blocking by the polytetrafluoroethylene 

(PTFE) skeleton in Aciplex. Another possible explanation for this is the change in the water activity 

due to the presence of the ionomer at the interface. Similar displacement of the HUPD region to 

more negative potentials has been observed as solution pH increases, revealing the role of the 

water structure in the H adsorption process.[34]  

In the DL region, there is a small current wave due to the irreversible adsorption/desorption 

of the sulfonate group. The coverage of sulfonate adsorbate can be estimated from the charge 

flowing through the electrode|electrolyte interface, which is found to be approximately between 

0.051-0.067 ML, depending on the drying temperature. This value is comparable to the coverage 

obtained in the negative scan direction for the Pt(111) electrode in 0.1 M HClO4 + 10-5 M H2SO4. 

Under these conditions, the formation of the sulfate adsorbed layer is controlled by diffusion and 

thus the coverage is significantly smaller than the saturation coverage (0.20 ML). This coverage is 

obtained for higher concentrations, as shown for the sulfate adlayer formed at the Pt(111)|0.05 M 

H2SO4 interface (Fig.S1).[35-37] Furthermore, it is found that the current wave for sulfonate 

adsorption in the positive scan direction is ca. 60 mV more positive than that for its desorption in 

the negative scan. This indicates that the sulfonate adsorption/desorption process at the 

Pt(111)|Aciplex interface is rather irreversible, in contrast to the reversible sulfate adsorption at 

the Pt(111)|H2SO4 aqueous solution interface.[35, 36] All these imply that the local environment 
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of the sulfonate group within the hydrophilic channel of ionomer differs greatly from that of 

(bi-)sulfate anions in an aqueous electrolyte. Probably, the limited availability of water molecules 

in the channels disfavors the sulfonate desorption. It should be highlighted that the sulfonate 

groups are stabilized by the interaction with water molecules. 

 

Fig. 2 (a) CVs for Pt(111)|Aciplex film electrodes with a thickness of ca. 100 nm prepared under 
different drying temperatures. (b) Coverage of adsorbed OH (θOHad, after the correction of double-
layer charging current) as a function of the applied potential. (c) Polarization curves for ORR 
recorded in the positive scan direction. Inset: detailed view of the kinetic region of the ORR 
polarization curves. (d) Peak potentials for sulfonate adsorption (black) and the overall coverage of 
OHad and sulfonate (red), as a function of jk for the ORR at 0.9 V on the Pt(111)|Aciplex film 
electrodes with different drying temperatures. For comparison, the CV and the j-E curve for the 
ORR on the unmodified Pt(111) electrode are also included in (a) and (c). Electrolyte: 0.1 M HClO4, 
scan rate: 50 mV/s. For the ORR experiments, the rotation rate is 1600 rpm. 
 

When the Aciplex ionomer is at the Pt(111) surface, the current wave for OHad formation from 

water oxidation at Pt(111) splits into two peaks. Peak I (at ca. 0.8 V) appears at the same potential 

as the sharp peak observed on the unmodified Pt(111), whereas peak II appears at higher 

potentials (centered at ca. 0.88 V), in agreement with previous reports on the Pt|ionomer and 

Pt|trifluoromethanesulfonic acid interfaces.[18, 19, 38] The adsorption and desorption peaks for 

OH are also slightly irreversible compared to those observed for the Pt(111)|HClO4 aqueous 

solution interface (Fig.2a). The coverages of OHad at the Pt(111)|Aciplex interface as a function of 

the applied potential are shown in Fig.2b. These coverages have been obtained from the 
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integration of CVs after correction of the double layer charging current between 0.6 and 0.95 V. 

When compared to the unmodified Pt(111) electrode, the overall OHad coverage at Pt(111)|Aciplex 

interface is ca. 33-43% smaller. The differences in the OH adsorption region for the modified 

electrodes can be explained by the presence of the ionomer. First, the appearance of peak II should 

be related to the different chemical environments at the interface. The chemical potential of the 

water molecules within the hydrophilic channel of the ionomer should be slightly smaller than that 

in the aqueous electrolyte, either due to the less abundance or stronger interaction among those 

water molecules, as well as between water molecules and sulfonate groups within the hydrophilic 

channel. Also, the presence of adsorbed sulfonate groups on the surface (at E>0.5 V) can give rise 

to lateral repulsions. Both facts will hinder OHad formation and thus this process appears at higher 

potentials. This is supported by the slight positive shift of the OHad adsorption peak at the 

Pt(111)|0.1 M HClO4 + 10-5 M H2SO4 interface (Fig.S1a). The inhibition of the current wave for peak 

I and the reduction of the overall OHad adsorption charge are probably the results of the blocking 

of the active sites at the Pt(111) surface by adsorbed sulfonate and the PTFE skeleton in contact 

with the Pt(111) surface.[37] The decrease of the wettability of the Pt(111) surface is ca. 12% as 

estimated from the reduction of HUPD charge as a result of the blockage by the PTFE skeleton in the 

Aciplex ionomer. The blocking of Pt(111) surface by the sulfonate group is ca. 23-30% as estimated 

from the charge involved in sulfonate adsorption, assuming that one sulfonate occupies three Pt 

atoms. Since the overall charge for OHad formation has dropped ca. 33-43% with the introduction 

of Aciplex into the Pt(111) interface, all these facts reveal that the reduced OHad coverage is mainly 

resulting from the blocking of the active sites by the ionomer.  

With the increase of the drying temperature used for the preparation of the Aciplex thin film-

covered Pt(111) electrode, the current wave in the HUPD region does not show significant changes. 

This further confirms that the smaller HUPD current wave compared to that of Pt(111)|0.1 M HClO4 

interface can be mainly attributed to the blocking effect from the PTFE skeleton in the ionomer. 

The structure of the PTFE skeleton near the Pt(111) surface is not sensitive to the change of the 

drying temperature used for the preparation of the Pt|Aciplex interface, since the water content 

diminishes with the increasing drying temperature. With the increase of the drying temperature 

from 120 °C to 195 °C, the coverage of sulfonate adsorbate is found to increase from ca. 0.051 

ML to ca. 0.067 ML, while the peak potentials for sulfonate adsorption shifts negatively from 0.5 V 

to 0.47 V. This trend is the same as the negative shift of sulfonate adsorption peaks during the dry-

gas flow in a solid-state cell with Pt|Nafion interface.[20] Also, a similar negative shift of sulfate 

adsorption peak at the Pt group metal|aqueous solution interface is observed with the increase of 
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the concentration of sulfuric acid or sulfate anions in the bulk solution.[35, 39] 

The negative shift of sulfonate adsorption potential with increasing the drying temperature 

used for the preparation of the Pt(111)|ionomer interface is likely a result of the change in the 

local environment of the hydrophilic region within the ionomer. The higher the annealing 

temperature is, the less content of water within the membrane will be (Fig. 4a, b). This leads to a 

less favorable local environment for the sulfonate group or an apparent higher sulfonate 

concentration in the hydrophilic region in the membrane. As a result, the chemical potential of the 

sulfonate group within the thin film increases. Since the equilibrium potential of sulfonate 

adsorption depends on the difference in its chemical potential before and after its adsorption, 

hence sulfonate adsorption starts at a lower potential when the drying temperature becomes 

higher. The slight broadening of the sulfonate adsorption peak with the increase in drying 

temperature is probably a result of the decrease in water content within the hydrophilic channel 

of the ionomer. The irreversibility of the adsorption/desorption process also increases with the 

drying temperature, indicating that once sulfonate is being adsorbed, its desorption will be more 

difficult. This can be rationalized by the fact that the binding to the Pt surface is stronger and fewer 

water molecules are within the hydrophilic channel of the ionomer to stabilize the desorbed 

sulfonate groups.  

With the increase of the drying temperature, the current wave of peak I for the formation of 

OHad diminishes, the fragment of peak II with E<0.9 V decreases while the part with E>0.9 V 

increases. The difference in water environment at Pt(111)|Aciplex interface from that of 

Pt(111)|0.1 M HClO4, as well as the drying temperature-induced change of water content within 

the hydrophilic channel of Aciplex, is probably the dominating factor for the change of the 

adsorption wave for OHad formation. The higher the drying temperature used for preparing the 

Pt|Aciplex interfaces, the lower the water content within the ionomer (Fig. 4a, b). This renders a 

smaller chemical potential and a positive shift of the OHad adsorption peak. Besides, other factors 

such as the slight increase of sulfonate coverage as well as the change of its adsorption properties 

(as evidenced by the broadening of its adsorption peak) may also lead to the decrease of the 

current wave for peak I and II as well as the slight positive shift of peak II (see SI and further 

discussions below). 
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The base CVs at the Pt(111)|Nafion and Pt|D72 interfaces prepared with different drying 

temperatures are shown in Fig.S2a, S3a. They are similar to those recorded at Pt(111)|Aciplex 

interfaces. For the Pt|ionomer interfaces prepared using the same drying temperature, sulfonate 

coverage increases in the order of Pt(111)|D72 < Pt(111)|Aciplex < Pt(111)|Nafion (Fig.3, S4a). The 

interface structure of Pt(111)|X (Nafion, Aciplex, D72) is shown in Fig. 4c, d, and e, which indicates 

that sulfonate coverage depends not only on the side-chain length but also on the presence or 

absence of ether group in the side-chain. The sulfonate group at the end of the hydrophilic side-

chain with the ether group tends to be close to the hydrophilic Pt(111) electrode since this side-

chain is more flexible in the hydrophilic channels of the ionomer.[40-42] As for Pt(111)|D72, the 

short side-chain strains the PTFE main chain when sulfonate is adsorbed, which hinders D72 

sulfonate group adsorption. This is in good agreement with the literature, reporting that the 

poisoning effect by sulfonate adsorbate is smaller in ionomers with shorter side-chain.[18] Higher 

sulfonate coverage at Pt(111)|Nafion is followed by a much smaller current wave for peak I and a 

more dominating current peak II for OHad adsorption (Fig.3a, S4a). 

 

3.2 Impact of humidity degree on ORR kinetics at Pt(111)|proton exchange ionomer Interfaces 

The polarization curves for ORR at the Pt(111)|Aciplex interfaces prepared with different 

drying temperatures are shown in Fig.2c. For comparison the j-E curve for ORR at bare Pt(111) in 

O2 saturated 0.1 M HClO4 under identical conditions is also included. As the drying temperature 

increases, a diminution of the limiting current can be observed. This decrease cannot be attributed 

to the reduction of the active area due to the partial blocking of the surface by the PTFE chain, 

since the limiting current depends on the geometrical area. Thus, it should be assigned to the 

hindrance of O2 diffusion in the interface as the water content diminishes. On the other hand, in 

the region where the ORR current is kinetically controlled, a diminution of the current at constant 

potentials is observed with the introduction of the proton exchange ionomer (Fig.2c). The extent 

of this inhibition augments with the increasing drying temperature for preparing the Aciplex thin 

film. The temperature dependence of the polarization curves for ORR at the Pt(111)|Nafion and 

Pt(111)|D72 interfaces prepared with different drying temperatures is shown in Fig.S2c and Fig.S3c. 

They are similar to those recorded at Pt(111)|Aciplex interfaces. For the Pt|ionomer interfaces 

prepared using the same drying temperature, the ORR activity decreases in the order of 
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Pt(111)|D72 > Pt(111)|Aciplex > Pt(111)|Nafion (Fig.3b, S4b), and also decreases with the drying 

temperature.  

To unveil how the intrinsic ORR activity changes with the introduction of proton exchange 

ionomer membrane as well as with the drying temperature, the kinetic current for ORR is 

estimated using the j-E curves and the Koutecky-Levich equation (Fig.5a).[43] From Fig.5a, a 

significant poisoning effect on ORR by the sulfonate adsorbate can be observed. This effect is 

similar to that for ORR at Pt(111) in 0.1 M HClO4 + x M H2SO4 (Fig.S1c). In order to determine the 

actual intrinsic ORR activity, the estimated kinetic current at 0.9 V for ORR is further normalized to 

the free available active sites on Pt(111) surface. An initial normalization has been done by 

assuming that the sites covered by adsorbed sulfonate do not participate in the ORR at this 

potential, since the activity for the ORR at this potential of the Pt(111) electrode for high sulfate 

concentrations is negligible (Fig.5b, Njk1). Here it is assumed that the sulfonate bonding 

configuration does not change with the drying temperature and occupies three Pt sites. A second 

normalization has been performed assuming that the diminution of the Hupd charge is related to 

the blocking of active sites by the polymer chain. Thus, the active area has been corrected both by 

the sites blocked by sulfonate and the polymer chain (Fig.5c, Njk2). The normalized jk for ORR at 0.9 

V on Pt(111)|X interface prepared using different drying temperatures are shown in Fig.5b and 

Fig.5c. For the sake of comparison, similar data from Pt(111)|0.1 M HClO4+ x M H2SO4 and Pt|0.05 

M H2SO4 interfaces are also included. From Fig.5b and Fig.5c, it is seen that the intrinsic ORR activity 

for the free sites on Pt(111)|ionomer interfaces is significantly higher than those at Pt(111)|0.1 M 

HClO4+ x M H2SO4 or at Pt|0.05 M H2SO4 interface. For the three ionomers, the intrinsic ORR 

activity decreases in the order of Pt(111)|D72 > Pt(111)|Aciplex > Pt(111)|Nafion (Fig.S5). The 

results suggest that the ORR intrinsic activity depends on the side-chain structure of the ionomer. 

The intrinsic ORR activity of Pt(111)|D72 is superior to that of Pt(111)|Aciplex due to its shorter 

side chain, but the gap between them decreases gradually as the drying temperature increases. 

However, the intrinsic ORR activity of Pt(111)|Aciplex is better than Pt(111)|Nafion although the 

length of their side chains is nearly the same. The reason for this phenomenon is that the ether 

group within the Nafion’s side chain is hydrophilic, which makes a difference from that of (-CF2-)n 

groups in the side chain of Aciplex (Fig.1).  
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All these indicate that the local humidity degree within the proton exchange ionomer has a 

positive impact on ORR kinetics, which probably correlates with the smaller OHad coverage and 

positive shift of current wave for OHad formation (Fig.2, Fig. S2, S3).[44, 45] This is in good 

agreement with the previous finding that ORR kinetics at Pt is mainly limited by the thermodynamic 

equilibrium potential of water oxidation to OHad.[46-48] Furthermore, the lower the drying 

temperature is, the slightly higher kinetic current for ORR is obtained. The important conclusion of 

these findings regarding the local environment at the interface determines the ORR activity. Thus, 

the desired polymer materials should have a negligible poisoning effect by the sulfonate group 

along with a positive effect from the low chemical potential of water within the ionomer. Reducing 

the drying temperature for preparing the Pt(111)|ionomers interface as well as using ionomers 

with shorter side-chain may help realize such a goal.  

Inspired by these ideas, we have prepared Pt(111)|Aciplex, Pt(111)|D72 (Fig.1), and 

Pt(111)|PTFE interface with ionomer or PTFE thickness of ca. 100 nm using a drying temperature 

of 55°C. The base CVs and j-E curves for ORR at such interfaces are shown in Fig.6. From the CVs 

we see that with the introduction of the Aciplex or D72 ionomers with a drying temperature of 

55 °C, the adsorption of the sulfonate group is negligibly small, while the current waves for both 

the HUPD and OHad adsorption are slightly inhibited due to the introduction of PTFE. Fig.6c and 6d 

show the ORR polarization curves recorded at Pt(111)|Aciplex, Pt(111)|D72 or Pt(111)|PTFE 

electrode interface. From these curves as well as the magnification of the kinetic region shown in 

the inset, it can be observed that the ORR performance at such interface is close to (or even slightly 

better than) the bare Pt(111) electrode. The normalized jk at 0.9 V of Pt(111)|PTFE, Pt(111)|D72, 

and Pt(111)|Aciplex model interface prepared by drying at 55 °C are also included in Fig.5b and 

Fig.5c. It clearly shows that the intrinsic ORR activity decreases in the order of Pt(111)|PTFE > 

Pt(111)|D72 > Pt(111)|Aciplex > bare Pt(111). Furthermore, it is found that the ORR performance 

of Pt(111)|D72 film electrode is even superior to Pt(111)|Aciplex film electrode although the 

sulfonate poisoning effect (as indicated from their base CVs) is almost the same. This also correlates 

well with the slightly smaller current wave for OHad formation (Fig.6b). All these confirm our 

conjecture that the enhanced ORR kinetics is the result of the beneficial effect of the low chemical 

potential of water at Pt(111)|ionomer or Pt(111)|PTFE interface.  
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Besides the change of the chemical potential of water within the ionomer, it should be 

highlighted that the slight drop of the current wave for peak I and the positive shift of peak II for 

OHad formation as well as the decrease of intrinsic ORR activity with the increase of drying 

temperature from 120 °C to 195 °C for preparing the Pt|ionomer model interfaces may also, at 

least partly, correlate to a change of sulfonate adsorption (as indicated the negative shift of onset 

potential for sulfonate adsorption) as well as it induced electric double layer effect.[29] The 

potential of zero charge (PZC) of Pt(111) is 0.3 V vs SHE in the absence of specifically adsorbed 

anions, so that, at the potentials where the ORR is in the kinetic or kinetic-mass transport mixed 

controlled potential region, the Pt(111) surface is depleted of free electrons (positively 

charged).[34] The more negative the sulfonate adsorption potential is, the slightly more negative 

the PZC for the Pt(111)|ionomer interface is.[49-54] This renders that the electric potential at the 

Helmholtz plane (HP) is more positive, while the proton concentration at the HP is smaller due to 

electrostatic repulsion (Fig.S6). In addition to the lower water chemical potential within the 

ionomer, the more positive electric potential at the HP also renders the electrochemical driving 

force for water oxidation towards more positive potentials (Fig.S6).[29, 30, 34, 55] In contrast, for 

ORR, the positive shift of the electric potential at the HP increases the driving force for ORR. 

However, as the proton concentration at the HP decreases, the effect of the drop of proton 

concentration dominates, also leading to an adverse effect on ORR kinetics. (more detail 

information in SI) 

 



14 
 

 

Fig. 3 (a) CVs for Pt(111)|X (Nafion, Aciplex, D72) film electrodes with a thickness of ca. 100 nm 

prepared with 120°C. (b) Polarization curves for ORR recorded in the positive scan. (c) Coverage of 

sulfonate (θsulfonate, after the correction of double-layer charging current) as a function of the 

applied potential. (d) Coverage of adsorbed OH (θOHad, after the correction of double-layer charging 

current) as a function of the applied potential. For comparison, the base CV and the j-E curve for 

ORR at bare Pt(111) in 0.1 M HClO4 are also included in (a) and (b). Electrolyte: 0.1 M HClO4, scan 

rate: 50 mV/s. For ORR experiments, the rotation speed is 1600 rpm. 
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Fig. 4 Possible adsorption structure of ionomers on Pt(111) electrode: (a) low drying temperature, 

(b) high drying temperature, (c)Nafion, (d)Aciplex, and (e)D72. 

 

 

Fig. 5 (a) Kinetic current jk at 0.9 V after correcting with the surface area of Pt(111)|X (Aciplex, D72, 

PTFE) film electrode prepared with different temperatures in 0.05 M H2SO4, x M H2SO4+0.1 M HClO4 
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(X=4×10-6, 10-5, 10-4). (b) Corresponding normalized jk1 at 0.9 V after correcting with the active area 

(geometric area minus sulfonate blocking area). (c) Corresponding normalized jk2 at 0.9 V after 

correcting with the active area (geometric area minus sulfonate blocking area minus PTFE blocking 

area). For comparison, jk and normalized jk of bare Pt(111) in 0.1 M HClO4 are also included. 

 

 

Fig. 6 CVs for (a) Pt(111)|PTFE film electrode and (b) Pt(111)|ionomer (D72, Aciplex) film 

electrodes with a thickness of ca. 100 nm prepared with 55°C. Polarization curves for ORR recorded 

in the positive scan for (c) Pt(111)|PTFE film electrode and (d) Pt(111)|D72 and Pt(111)|Aciplex 

film electrodes. Inset: detailed view of the kinetic region of ORR polarization curves. For 

comparison, the base CV and the j-E curve for ORR at bare Pt(111) in 0.1 M HClO4 are also included. 

Electrolyte: 0.1 M HClO4, scan rate: 50 mV/s. For ORR experiments, the rotation speed is 1600 rpm. 

 

4. Conclusion 

The impact of side-chain structure and length as well as their humidity degree on the 

sulfonate and OH adsorption at Pt(111)|ionomer interfaces on ORR kinetics are investigated 

systematically by using Nafion, Aciplex, and D72 as proton exchange ionomers. Control studies at 

Pt(111)|0.1 M HClO4 with different concentrations of H2SO4 and at Pt(111)|PTFE interface have 
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also been carried out. The results reveal that, under otherwise identical conditions, ORR currents 

decrease in the order of Pt(111)|D72 > Pt|Aciplex > Pt(111)|Nafion, which is just opposite to the 

trend for 1) the sulfonate adsorption strength; 2) the positive shift extent of current wave for OHad 

adsorption; 3) the reduction of OHad formation current and charge at lower potentials.  

Higher intrinsic ORR activity on the free sites is observed after proper correction of the 

blocking effect of Pt active sites by sulfonate adsorption and the PTFE skeleton. The activity 

decreases in the order of Pt(111)|PTFE > Pt(111)|D72 > Pt|Aciplex > Pt(111)|Nafion. According to 

the mixed potential effect, the smaller water activity at Pt(111)|ionomer (or PTFE) interfaces when 

compared to that of the Pt(111)|0.1 M HClO4 interface is found to be the origin for the positive 

shift of adsorption peaks for OHad and the enhanced ORR kinetics. The lower onset potential for 

sulfonate adsorption at Pt|X (Nafion, Aciplex, D72) films prepared using higher drying 

temperatures is also explained by a reduction of the ionomer hydration extent, which increases 

the chemical potential of the sulfonate group within the ionomer. The latter also induces an 

additional electrostatic double-layer effect, which consequently alters ORR kinetics by changing 

the driving force for ORR and proton concentration in the reaction plane. 

Observations herein disclose the critical importance of water activity and the electrostatic 

double-layer effect on the activity of the fuel cell-related reactions. Furthermore, our work 

provides strategies for the construction of Pt|ionomer interfaces in PEFCs to mitigate the adverse 

effect of sulfonate adsorption, choosing low annealing temperatures and ionomers with short side-

chain. These strategies are universal and can provide guidelines in designing catalyst layers for the 

development of more efficient PEFCs, together with the development of advanced catalysts.  
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