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ABSTRACT

Membrane-electrode  assemblies  utilize  ionomer-coated  electrocatalysts  to  achieve  facile  ion 

transport. Consequently, isolation of intrinsic catalyst kinetics from measured polarization curves is 

challenging, as properties of the catalyst and ionomer both affect the measurements. Here, we 

employ a  Pt  microelectrode coated by a  thin perfluorosulfonic-acid (PFSA) layer  to  measure 

polarization curves for  the HER/HOR. Intrinsic  electrode kinetics  are  isolated by theoretical 

analysis  of  the  local  catalyst  microenvironment  accounting  for  mass-transport  and 

thermodynamics. The observed enhancements in HER and HOR rates with increasing relative 

humidity (RH) at the working electrode are attributable to two competing factors: the decrease in 

activity of H  in the ionomer and the dominant decrease in the water reorganization energy in the⁺  

Marcus–Hush–Chidsey representation of HER/HOR kinetics. The increase in intrinsic rate with 

increasing RH is attributed to increased H  transfer dynamics resulting from reduced confinement⁺  

of water within the sub–nanometer water layer between the catalyst and ionomer as RH increases.
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Membrane-electrode assemblies (MEAs) are electrochemical devices capable of operating at high 

current densities (~1 A/cm2) and are therefore widely studied for applications including fuel cells, 

and water and CO  electrolyzers.₂ 1–3 MEAs consist of two catalyst layers separated by an ionomer 

membrane that enables ion transport. In proton-exchange-membrane (PEM) fuel cells, the catalyst 

layers are complex porous networks of catalyst particles coated by inhomogeneous thin films of 

perfluorosulfonic-acid (PFSA) ionomer that provide ionic access to catalyst sites. Efficient ion 

transport requires hydration of both the PEM and ionomer within the catalyst layers by water 

supplied from humidified gas or liquid water. 

The performance of MEAs, particularly PEM fuel cells, is strongly governed by the kinetics of each 

half reaction.4 These kinetics are often represented using Butler-Volmer or Tafel kinetic models 

with effective rate parameters fit to MEA data.5–7 Unfortunately, these approaches do not describe 

the intrinsic catalyst kinetics because the observed rates depend on properties of both the catalyst 

and the ionomer coating. Consequently, ionomer interactions with ions that dictate ion activity, and 

ion/molecular transport through the ionomer are convoluted with the intrinsic electrocatalysts 

kinetics.  To determine the  intrinsic  kinetics  of  the  catalyst  requires  an approach that  clearly 

identifies the contribution of the ionomer coating to the observed polarization curves.

This work presents an experimental approach together with a theoretical framework that enables 

isolation of the intrinsic kinetic parameters for the hydrogen-oxidation and -evolution reactions 

(HOR and HER, respectively). HOR/HER are examined for their relevance to MEA-based fuel cells 

and  electrolyzers  and  because  their  mechanisms  are  relatively  straightforward.8 Although 

measurement of the intrinsic kinetics for the  HER/HOR is often encumbered by severe gas-

transport limitations, this issue can be overcome by proper design of the experimental systems.9–13 

We measure HER/HOR polarizations curves using a custom-built, three-electrode cell containing a 

50-µm diameter polycrystalline Pt microelectrode surface coated by a ~40 nm thin layer of PFSA 

exposed to a gas with a defined relative humidity (RH), as shown in Figure 1.14 Humidified 2% H2 in 

Ar gas diffuses to/from the working microelectrode through a Pt-impregnated gas diffusion counter 

electrode (GDE) and the thin ionomer coating. Gas transport through the ionomer coating is rapid, 

enabling separation of the catalyst surface kinetics from gas-transport resistances.9,10 Working and 

counter electrodes are ionically connected to a GDE reference electrode supplied with water-
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saturated (100% RH) 2%  H2 in Ar gas. The entire cell is maintained at 30°C. Details of cell 

preparation and characterization are provided in Section S1 of the Supporting Information (SI). 

Figure 1. a) Microelectrode schematic with b) a zoomed-in representation of the interface of the Pt 

microelectrode, the humidified PFSA ionomer coating, and the Pt gas-diffusion-electrode counter 

electrode.

Figure S4 of the SI shows plots of the measured steady-state current density as a function of the 

total applied overpotential, ηtot, for 50, 70, and 90% RH gas supplied to the working electrode and 

averaged over three measurements. Negative overpotentials and current densities correspond to the 

HER, whereas positive values correspond to the HOR. The rates of both reactions increase with 

increasing RH. Figure S3 in the SI demonstrates that the electrochemically active surface area is 

invariant with RH, implying that humidity-dependent changes in HER/HOR rates reflect variations 

in intrinsic kinetic and ionomer properties rather than surface area. To decouple kinetic from ion-

interaction, ohmic, and mass-transport effects in the ionomer, we developed a methodology and 

thermodynamic framework to calculate the H+ activity in the ionomer and a gas-transport model to 

account for variation in H2 concentration in the ionomer. 

To interpret the polarization curves in Figure S4, we assume that the planar Pt microelectrode is 

separated from the ionomer coating by a thin, water-filled channel of thickness, D, as illustrated in 

2. The channel thickness is governed by a balance between repulsive double layer forces and 
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attractive capillary forces, both of which depend on RH, along with the cell compression force (see 

Section S2 of the SI).  This interfacial structure is supported by X-ray and neutron-scattering 

experiments indicating that contact between water-swollen ionomer and catalyst leads to formation 

of a nanoscale, water-filled channel at the electrocatalyst/ionomer interface.15–17 PFSA retains its 

well-established  phase-segregated  structure  and  sulfonic-acid  groups  are  effectively  fully 

dissociated over the RH range studied.18–20 Electrochemical reactions occur at the Stern plane, 

denoted by δ in the Figure 2.

 

Figure 2. Schematic of the Pt/aqueous/ionomer interface regions. Potentials relevant for the HOR 
and HER are below the potential of zero charge of Pt (~0.3 V)21 such that the surface is negatively 
charged. A 1-D representation of the interface is depicted below the schematic.

Acidic HER/HOR on Pt is thought to occur through a combination of Volmer (H+¿+e−¿+¿↔Had¿¿), Tafel (

2Had↔H2+2∗¿), or Heyrovsky (H+¿+Had+e
−¿↔H2+¿¿¿) steps. In aqueous solutions, the kinetics of 

these  reactions  are  most  often  represented  using  Butler-Volmer  formulations,8,22–25 commonly 

assuming a Heyrovsky-Volmer26,27 or a Volmer-Tafel mechanism.28–30 However, more recent studies 
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show that HER/HOR in aqueous media depend strongly on the interfacial solvent structure, a factor 

that is not accounted for explicitly in Butler-Volmer kinetics,22,31–40 but is well-captured by Marcus-

Hush-Chidsey (MHC) theory through the solvent reorganization energy,  λr .
38 Since RH likely 

influences water structure within the confined channel between the ionomer and the Pt surface, we 

apply  MHC  theory,  after  correcting  for  mass-transfer  and  ohmic  losses,  to  describe  the 

experimentally measured HER/HOR polarization curves.

The driving force for reaction in MHC theory is the activation overpotential, ηa, defined by 

ηa=ηtot−ηΩ−ηC (1)

Here, the total overpotential, ηtot, is corrected by the ohmic resistive loss, ηΩ, and Nernstian shifts 

due to local gas concentrations, ηC. Section S3 of the SI describes the calculation of ηC and ηΩ 

based on limiting current and HFR measured from EIS, respectively. Figure 3a shows increased 

HFR and reduced limiting current at low RH as a consequence of hindered H+ and H2 transport 

through smaller  ionomer aqueous domains at  low RH.18,41 Therefore,  ηC and  ηΩ corrections 

become larger as ionomer hydration decreases. Figure 4 presents experimental current density 

versus ηa, where the trend of faster HER/HOR rates with higher RH persists.

Following the work of Bazant and others,42,43 the MHC formalism for the HER/HOR current 

density, i, is written as

i=A¿a+ , δpH2 , δ

1
2 ( 1

pH2 , δ

1
2 +a+ , δexp (~ηa )

− 1

a+ , δ+pH2 , δ

1
2 exp (−~ηa ) )erfc (~λr−√1+√~

λr+(~ηa+ln( a+ , δ

pH2 , δ

1
2 ))

2

2√~
λr

)
(2)

where  ~ηa=
Fηa

RT
  is the non-dimensional activation overpotential and ~λr=λr /RT  is the non-

dimensional reorganization energy. The pre-exponential constant,  A¿, is defined in Section S3 of 
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the SI and depends primarily on the electronic coupling between the metal and redox species and 

the metal density of states. Subscript δ denotes quantities evaluated at the Stern plane. Equation 2 

assumes that an electron-transfer step, during either the Volmer or Heyrovsky reaction steps, limits 

the rate of reaction which requires that λr is large relative to the ion-transfer free energies and ηa.42

The significant experimental evidence that interfacial water affects HER/HOR kinetics22,31–40 along 

with the strong energy of H+ hydration44 justifies this assumption.

Evaluation of Equation 2 requires the H2 partial pressure, pH2 , δ
, and the H+ activity, a+ , δ, at the 

Stern reaction plane.  During HER, H2 is produced at the Pt surface and, hence, pH2 , δ
>pH2 ,∞, 

whereas during HOR H2 is consumed and pH2 , δ
<pH2 ,∞

. We calculate pH2 , δ
 by solving the 1-D 

steady-state diffusion of H2 through the ionomer coating, as described in Section S3 of the SI. Mass-

transfer limited H+ transport through the ionomer is quantified from experimental limiting currents 

shown in Figure 3a.

The H+ activity at the Stern plane, a+ , δ, enters the reaction kinetics and may differ from that in the 

bulk ionomer coating if the electric potentials differ between these regions. However, calculations 

of the electric-potential distribution across the water channel and ionomer coating (Section S2) 

demonstrate that potentials at the Stern plane and in the ionomer are approximately equal. This 

results from the large concentration of H+ that shields the negative charges on both Pt and ionomer, 

causing minimal electric potential variation beyond the Stern plane (Figure S6). Accordingly, a+ , δ, 

is well-approximated by the bulk (electroneutral) ionomer H+ activity, a+¿¿ (i.e., at ∞ in Figure 2) 

which varies with ionomer hydration (RH). 

To evaluate a+¿¿ we employ molecular-thermodynamics45 to compute the excess chemical potentials 

for species in the bulk ionomer (Section S4 of the SI). H+ molality (with water as the solvent) and 

the calculated excess chemical potential establish  a+¿¿ as a function of ionomer water uptake. 

Calculated activities are in excellent agreement with ion activities ascertained from a Gibb’s-

Duhem analysis of ionomer coatings (Figure S13) as well as experimental bulk aqueous acid 

activities at comparable concentrations (Figure S14). Notably, Figure S15 shows that H+ ions are 

highly nonideal in the ionomer (γ+¿≫1¿). More importantly, Figure 3b shows that a+¿¿ decreases 

with increasing RH as hydrophilic domains swell  and the corresponding concentration of H+ 
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declines. This finding challenges prior assumptions that increasing humidity enhances kinetics by 

increasing  H+ activity.46,47 The  decrease  of  a+¿¿ with  increasing  RH contradicts  the  trend of 

increasing HER/HOR rates with increasing RH in Figure 4. This contradiction is discussed below.

Figure 3. a) the experimentally measured limiting current (black) and high frequency resistance 
(red) as a function of RH. Lines are to guide the eye. b) H+ activity calculated from molecular 
thermodynamics as a function of RH

To represent the data given in Figure 4 using MHC theory (Equation 2) requires evaluation of the 

parameters A¿ and λr. The parameter A¿, which represents the electronic coupling between Pt and 

H+, is specific to Pt and is assumed to be independent of RH. Conversely, λr, the reorganization 

energy of water in the interfacial channel (Figure 2) may vary with RH if the channel thickness D 

changes. The value of  A¿was determined as described in Section S3 of the SI.  Using A¿= 197 

A/cm2 obtained from MHC fits to temperature-dependent MEA polarization curves measured by 

Durst  et al.10 (Figure S16),  λr was adjusted for each RH to predict microelectrode polarization 

curves presented in Figure 4. These fits use the measured limiting current and calculated H+ activity 

corresponding to each RH reported in Figure 3a and Table 1, respectively. 

Solid curves in Figure 4 show the best fit of Equation 2 to the data, and the corresponding values of 

λr are summarized in Table 1. For RH = 90%, λr for the microelectrode (0.99 eV) is slightly larger 

than that from MEA measurements at RH = 100% (0.93 eV), consistent with the trend in RH in 
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Figure  4.  This  agreement  indicates  that  kinetic  parameters  extracted  from MEA studies  are 

transferable  to  microelectrode  experiments,  despite  the  differences  in  catalyst  form  (Pt 

nanoparticles versus a polycrystalline Pt surface respectively), and validates the scaling of current 

density with H2 partial pressure and temperature (Equation 2) that differed substantially between 

the microelectrode and MEA measurements. Overall, the agreement in A¿ and λr between this 

work and prior MEA studies demonstrates that intrinsic kinetic parameters can be reliably extracted 

from measured  polarization  curves,  provided  appropriate  thermodynamic,  ohmic,  and  mass-

transport corrections are applied.

The value of λr for water in the Pt-ionomer gap of the microelectrode increases from 0.99 to 1.29 

eV as RH decreases from 90 to 50%, corresponding to i0 decreasing from 13.6 to 1.5 mA/cm2 

(Table 1). Lower i0 values measured in the microelectrode cell relative to the MEA10 arise from the 

lower concentration of H2 used in the former experiments (2% versus 100%).

As shown in Figure 3b, H+ ion activity in the ionomer coating and, hence, in the interfacial water 

layer, increases with decreasing RH, increasing the reaction rate. In contrast, Table 1 shows that  

λr also increases with decreasing RH indicating slower intrinsic kinetics. The latter trend suggests 

that water rearrangement required for electron transfer to H+ becomes less facile at low RH. This 

trend can be rationalized by increased confinement of water within the interfacial channel of 

thickness D. The value of D is determined by a balance between the repulsive electric double-layer 

and the attractive capillary forces, with the latter increasing as RH decreases. As detailed in Section 

S2.2 of the SI, this force balance leads to a reduction of D from 0.8 to 0.4 nm as RH decreases from 

90 to 50% (Figure S9), consistent with the neutron-reflectometry-measured length scales of water 

channels at PFSA-substrate interfaces.15–17 Given the molecular size of water (0.28 nm), only a few 

water  molecules  occupy this  channel.  Experiments  (including in  PFSA membranes)  and MD 

simulations show that such nanoconfined water is less mobile and highly structured, increasing 

resistance to water reorganization.38,39,48–53 The effect is most pronounced at low RH, where stronger 

confinement reduces water mobility, consistent with prior studies showing that freely rotating water 

facilitates  H+  transfer  and  HER/HOR kinetics  whereas  increased  rigidity  suppresses  reaction 

rates.33,36–39,54,55
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Figure 4. Current density versus activation overpotential for three different RH of the working 
electrode chamber: 50% RH (black), 70% RH (red), and 90% RH (blue). Points represent the 
experimental data, error bars represent a standard deviation, and the lines are the MHC kinetic fits 
using Equation 2, where 197 A cm-2 was used as the pre-factor  A*. The overpotential,  ηa, was 
calculated at each current density according to Eq. 1 (see Section S3 of the SI for details).

Table 1: Physical parameters as a function of RH.

RH a+¿¿ D λr i0

Relative 
humidity

H+ activity Water-gap 
thickness [nm]

Reorganization 
energy [eV]

Exchange current 
density [mA cm-2]

50% 916 0.42 1.29 1.5

70% 352 0.52 1.11 6.0

90% 160 0.83 0.99 13.6

Figure 5 compares HER/HOR exchange current densities, i0, for ionomer-coated Pt with those in 

aqueous acid solutions as a  function of  a+¿¿.  We note that  in Figure 5 larger values of  a+¿¿ 

correspond to lower values of  −log10(a+¿)¿ and pH. In aqueous electrolytes,  i0 increases with 

increasing  a+¿¿, reflecting both the explicit dependence of  i0 on  a+¿¿ in Equation S3.12, and a 
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reduced interfacial water reorganization energy at lower pH due to weaker electric fields across the 

Stern  layer.32,40,56,57  The  weaker  electric  fields  arise  from  smaller  differences  between  the 

equilibrium potential and the potential of zero charge at low pH.32,40,58–60 

To assess the dominant contribution to i0, we predict i0 versus a+¿¿ in Figure 5 (gray-dashed line) 

using Equation S3.12 with A¿=197 A/cm2 and λr adjusted to a constant value of 0.7 eV. At higher 

a+¿¿ (a+¿> 10−3¿), the model accurately captures the dependence of i0 on a+¿¿, indicating that changes 

in a+¿¿ primarily govern i0, whereas variations in λr are less important. This result highlights the 

critical role of the explicit dependence of i0 on a+¿¿, which is often overlooked 

in favor of indirect dependences through  λr or H-binding energy.32,40,52,61–66  At lower values of 

a+¿¿, deviations from Equation S3.12 may arise from alkaline HER/HOR pathways67 or changes in 

λr resulting from buffer cations introduced into the electrolyte to control the pH.38 Figure S12 

depicts i0 versus a+¿¿ using Equation S3.12 for varying values of λr.

In contrast to the dependence of i0 on a+¿¿ for aqueous acids, i0 for ionomer-coated Pt decreases 

with increasing  a+¿¿ (decreasing RH). This behavior reflects two competing effects: increasing 

a+¿¿ enhances i0 according to Equation S3.12, whereas increased water confinement at lower RH 

impedes water reorganization and electron transfer. Confinement effects dominate causing  i0 to 

decrease as a+¿¿ increases (and RH decreases), deviating from the trend predicted from Equation 

S3.12 with fixed λr. As RH approaches 100%, and the nanochannel thickens, confinement effects 

diminish and values of i0 for aqueous and ionomer-coated Pt coincide (near a+¿¿ = 100 in Figure 5). 

These results demonstrate that electrode kinetics in MEAs can differ substantially from those in 

aqueous  acid  solution  due  to  nanoconfinement  and  water  structuring.  Accordingly,  kinetic 

parameters used in MEA simulations should be derived from experiments that replicate catalyst-

layer environments in MEAs.
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Figure 5. Exchange current density as a function of H+ activity for HER/HOR in aqueous acid 
electrolyte9,61,66,68,69 (open points) and in ionomer-coated Pt (filled points) measured in the present 
work and in Durst et al.10 The values of i0 for ionomer-coated Pt are taken from the microelectrode 
data in Figure 4 and MEA data reported by Durst et al (Figure S16).13 These values of i0 are adjusted 
to  a  common  reference  state  of  100  kPa  H2 and  25°C  using  Equation  S3.12.  Specifically, 
A¿=197 A/cm2 is used throughout, with a+¿¿ and λr taken from Table 1 for microelectrode data, 
and λr=0.93 eV and a+¿=101.5¿ for the MEA data. The dashed gray line is predicted from MHC 
theory in Equation S3.12 where A¿=197A/cm2 and λr is adjusted to 0.7 eV to fit the data for 
aqueous acid solutions.

Improving electrochemical  kinetics  on  ionomer-coated  electrocatalyst  requires  minimizing  λr 

while maintaining large a+¿¿. This may be accomplished by tailoring the catalyst-ionomer interface 

to tune the interfacial water-channel thickness. Several factors influence the amount and structure of 

water at the Pt/ionomer interface, including ionomer equivalent weight and chemistry, coating 

thickness, annealing conditions, operating temperature, and catalyst structure. In general, lower 

equivalent weight, thicker ionomer coatings, and lower annealing temperatures promote greater 

water uptake at a given RH, whereas the effects of operating temperature and substrate are less 

straightforward.18,68–75 Consequently,  water  reorganization is  expected to  be more facile  under 
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conditions  of  higher  water  uptake,  leading  to  faster  kinetics.  Further,  enhancing  repulsive 

interactions of the catalyst with the ionomer by tuning the catalyst PZC (e.g. through alloying 

strategies32) may also increase the thickness of the interfacial water-channel and improve kinetics. 

Testing these hypotheses is recommended in future studies of ionomer-coated catalysts. In addition, 

more  direct  measurements  of  the  interfacial  water  layer  thickness  versus  RH using  neutron 

reflectometry are recommended,15–17 along with IR characterization of the interfacial hydrogen 

water bond energies.38

Our study establishes a systematic methodology to correct for mass and ion transport as well as 

thermodynamic conditions to  ensure measurement  of  intrinsic  kinetics. The resulting kinetic 

analysis  demonstrates that HER/HOR kinetic parameters for PFSA-coated Pt depend on both 

catalyst properties (A¿) and the properties of nanoconfined water separating the catalyst from the 

ionomer coating (λr). The ability of our theoretical framework to describe HER/HOR kinetics in 

both MEAs and microelectrode experiments demonstrates the generality of the approach and 

supports  the  intrinsic  nature  of  the  extracted  kinetic  parameters.  Our  results  elucidate  the 

commonly  observed  discrepancy  between  electrode  kinetics  in  MEAs  and  in  aqueous 

measurements10,78,79 and emphasize the need to characterize kinetics under conditions that replicate 

the  catalyst-layer  microenvironment. Additional  research is  necessary to  extend the  approach 

reported here to other ionomer compositions and catalysts, as well as to the oxygen-evolution and -

reduction reactions (OER and ORR), respectively.
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