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Bridging Interfacial Properties and Cell Performance: A Multiscale Model for Proton-

Exchange-Membrane Fuel Cells 

Shiyi Wang a and Adam Z. Weber a, *
a Energy Technologies Area, Lawrence Berkeley National Laboratory, Berkeley, California, 
United States of America

* Corresponding author

To  elucidate  the  impact  of  local  interfaces  on  mass-transport  resistance  and  overall  cell 

performance  of  low-loading  proton-exchange-membrane  fuel  cells  (PEMFCs),  we  present  a 

multiscale modeling framework incorporating a novel modified agglomerate model. The model 

considers  three  distinct  Pt-electrolyte  interfaces:  Pt  on  the  carbon surface  covered  by either 

ionomer or  water  film and Pt  inside carbon nanopores.  Detailed mass-transport  voltage loss 

breakdowns reveal that coupled agglomerate-interface-scale mass transport dominates the mass-

transport loss. The ionomer poisons the exterior-Pt surface through suppressing O2 adsorption and 

intrinsic  ORR  activity,  leading  to  low  current-density  performance.  Conversely,  interior-Pt 

interface enhances the kinetic performance but limits high current-density performance due to its 

low  interfacial  permeability.  The  exterior-Pt/water  interface  demonstrates  superior  kinetic 

performance and mass transport, though its practical implementation requires ensuring proton 

transport. By coupling the multiscale CL properties with ink parameters, the model identifies an 

optimal I to C ratio of approximately 0.5, a moderate value where the ionomer content is sufficient 

to  guarantee  proton  transport  without  fully  covering  the  Pt  surface  and  forming  large 

agglomeration, thus allowing the utilization of the Pt-water interface and avoiding high mass-

transport loss. Overall, the model helps unravel limiting phenomena across different operating 

regimes and provides routes for optimizing performance. 
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Introduction

To reduce cost, proton-exchange-membrane fuel cells (PEMFCs) would like to operate with low 

loadings of precious metals. Even for higher loadings, performance decay due to the loss of catalyst 

electrochemically active surface area (ECSA) during operation remains a major concern regarding 

the  desired  longevity  of  PEMFCs.[1] This  performance  decline  is  largely  attributed  to  the 

reduction of cathode catalyst-layer (CL) roughness factor (RF) (i.e., ECSA divided by geometric 

area), which leads to increase in non-Fickian mass-transport resistance occurring near the catalyst 

surface.[2] To address this challenge, tailoring the cathode CL structure to mitigate this local 

transport resistance has drawn great research interest in recent years.[3-7] CL structure can be 

regulated by tunning ink formula, which is typically an alcohol/water mixture composed of catalyst 

particles  supported  on  carbon and ionomer  colloids  dispersed  in  a  solvent.  The  interactions 

between these ink components determine the CL structure and ultimately the cell performance. 

However, varying ink parameters simultaneously changes CL structural properties across various 

scales, such as local ionomer coverage [8-12], agglomeration sizes [13, 14], and CL porosity and 

tortuosity  [8,  15-17].  This multiscale interdependence complicates the identification of direct 

correlations between ink parameters  and cell  performance,  making ink optimization and CL 

structure design largely reliant on the empirical trial-and-error process. Additionally, establishing a 

fundamental  understanding  of  the  ink-CL  structure-MEA  performance  correlation  requires 

extensive effort in developing modeled experimental setups and characterization techniques to 

isolate the effects of structural properties at different lengthscales on cell performance. 

O2 transport resistance is typically separated into pressure-dependent (Fickian) resistance 

and pressure-independent (non-Fickian) resistance, where the latter can be further broken down 

into  the  RF-dependent  resistance  and  the  Knudsen  diffusion  resistance.  Alternatively,  the 

multiscale transport phenomena within the CL can be delineated into three distinct scales: layer 

scale, agglomerate scale, and interface scale (see Figure 1). At the layer scale, O2 transport occurs 

in  the  gas  phase  outside  of  the  agglomerates,  which  is  governed  by  macroscopic  structural 

properties such as porosity, tortuosity, CL thickness, and liquid-water saturation. The associated 

transport resistance is primarily pressure-dependent. While Knudsen diffusion can occur inside the 

primary pores of CL, state-of-the-art electrodes have effectively mitigated this by employing an 
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appropriate ink process.[15, 18] In contrast,  O2 transport within agglomerates and across the 

interface  is  pressure-independent.  For  low-loading  electrodes,  the  RF-dependent  resistance 

dominates the agglomerate- and interface-scale transport, with the Knudsen diffusion resistance in 

the  secondary  pores  inside  the  agglomerates  being  trivial.[15] This  RF-dependent  transport 

resistance  further  governs  the  cell  performance.[6,  15,  19] Suzuki  and  coworkers  propose 

attributing part of transport resistance in CL to oxygen dissolution at the gas/ionomer interface 

instead of the transport within the agglomerates.[20] A later molecular-dynamics (MD) simulation 

study reveals the presence of free-energy barriers at gas/ionomer and ionomer/Pt interfaces, which 

respectively  leads  to  reduced  oxygen  solubility  and  permeability.[21] This  high  interfacial 

transport resistance is further corroborated by experimental studies using microelectrode setups, 

that the interfacial resistance at Pt/Nafion interface is equivalent to 30 to 70 nm of Nafion thin film, 

a value significantly higher than typical thin-film thicknesses (<10 nm).[22] Subsequent studies, 

including thin-film RDE measurements, [23], MD simulations,[24] and MEA studies,[15] further 

support that the nanoscale Pt/ionomer interfacial region dominates the transport resistance due to 

its  low O2 permeation.  Despite  the  growing  evidence  highlighting  the  critical  role  of  local 

interfaces, the impact of interfacial resistance on fuel-cell performance remains poorly understood, 

and mainly studied in isolation of the other cell phenomena. Beyond the most studied Pt/ionomer 

interface, a realistic CL contains a variety of other interfaces whose combined effects on overall 

cell performance are unclear. Ionomer coverages on Pt from 30 to 100% have been reported for 

solid carbon support, with the uncovered Pt surface being electrochemically active when the 

relative humidity is above 80%, suggesting a Pt/water interface and the need for proton accessible 

pathways.[25-27] In the case of the mesoporous carbon support, a portion of the catalyst particles 

are located inside the nanopores, where the local distributions are less defined because of the 

unknown level of ionomer penetration[28] and complex capillary and other water phenomena.[29]

Thereby, these interior catalysts can be covered by either ionomer or water if electrochemically 

active.  However,  these  interior  catalyst  interfaces  should  be  distinguished  from the  exterior 

catalyst interfaces even if the same electrolyte—whether ionomer or water—is present at the 

catalyst surface. This distinction arises from the nanoconfinement effects within the nanopores, 

which alter the electrolyte’s molecular structure and can lead to significant deviations from its bulk 

properties.[28] 
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Figure  1. Schematic of the multiscale O2 transport from flow channel to the reaction site in 
PEMFCs. The gray boxes list several key properties associated with the transport across different 
lengthscales, where characterization of the transport becomes increasingly challenging at smaller 
lengthscales

Advances  in  nanoscale  characterization  techniques,  such  as  transmission  electron 

microscopy (TEM) tomography, atomic force microscopy (AEM), small-angle X-ray scattering 

(SAXS), small-angle neutron scattering (SANS), and nano-computed tomography (nano-CT),[13, 

30-32] have provided valuable insights into CL structure. However, these high-cost and labor-

intensive  experiments  are  impractical  for  large-scale  screening  of  CLs  fabricated  from  ink 

formulations with large parameter matrix. Atomic-scale modeling can directly probe interfacial 

phenomena, but it is computationally expensive and cannot simulate realistic CL structures and 

scale up to cell-level performance. Continuum modeling offers a promising alternative by bridging 

atomistic  insights  with  cell-level  performance  at  a  manageable  computational  cost.  The 

agglomerate model is typically employed to describe the multiscale O2 transport in CL, with key 

governing  parameters  being  the  agglomerate  geometry  and  O2 diffusion  coefficient.[33-35] 

However,  the  conventional  agglomerate  model  does  not  differentiate  the  transport  resistance 

contributed  from agglomerate  scale  and  interface  scale.  Consequently,  transport  loss  at  the 

interface  is  lumped  into  the  agglomerate  scale  and  mischaracterized  using  agglomeration 
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properties, leading to unrealistically large agglomerate radii—up to 1 µm—being used in many 

modeling studies to match experimental data,[20] which does not quantitatively agree with SEM 

observations  [36].  A recent  review by Huang  et  al.  also points  out  the diverse agglomerate 

parameters across the literature, emphasizing the limitations of using the agglomerate model to 

capture the pressure-independent transport resistance arising from the complex CL microstructure.

[37]. Darling developed a modified agglomerate model to capture nanoscale transport resistance, 

but it was not integrated with cell-level physics and relied on idealized interface assumptions, 

although did fit observed trends.[38, 39] In this work, we propose a comprehensive multiscale 

model by coupling a newly developed modified agglomerate model with a 2D MEA cell-level 

model to account for the effect of different interfaces in the CL, enabling the analysis of local 

catalyst environments such as ionomer coverage, catalyst particle location, and their influence on 

cell  performance.  First,  the  model  framework  and  parameterization  approach  is  introduced, 

followed by its application to evaluate performance loss across the scales in MEAs with different 

interfaces. Then, sensitivity analysis and parametric studies on interfacial properties are conducted 

and compared with experimental observations. Lastly, the model helps identify ink parameters that 

optimize  cell  performance  by  establishing  an  ink-structure-performance  correlation.  The 

manuscript concludes with key findings and prospectives.

Model Description

A 2D MEA model developed by Pant et al. serves as the foundation for simulating the PEMFC, 

with full details of the physics and model parameters provided in the original work [40]. In brief, 

the  model  applies  a  steady-state  multiphase,  multiphysics  approach  using  volume-averaged 

properties, incorporating multicomponent gas diffusion, liquid and gas convection, concentrated-

solution proton and water transport in membrane and CL ionomer, electron transport, and heat 

transport. Modifications were made in modeling the cathode CL to capture the effects of various 

interfaces on cell performance, as will be introduced later. The integration of O2 transport in the CL 

across different scales relies on the following key assumptions:

 Transport at the layer scale occurs in the gas phase and is modeled using Stefan-Maxwell 

multicomponent diffusion.
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 Transport at the agglomerate scale occurs in the ionomer phase. O2 dissolves into the ionomer 

phase of the agglomerate from the gas phase with fast equilibrium, and subsequent transport is 

modeled using Fick’s law.

 The interface  scale  transport  governs  the  O2 consumption rate  as  it  diffuses  through the 

agglomerate.  Transport at the interface scale is modeled using Fick’s law, with transport 

properties dependent on the local interface.

 For the multiscale-transport integration, we first developed the modified agglomerate model to 

couple  the  agglomerate-  and  interface-scale  transport.  This  model  yielded  an  analytical 

solution describing the current density per volume of CL, which is then incorporated as the 

source term of the Stefan-Maxwell diffusion equations. These are then directly solved at layer-

scale (cell-level).

The model was solved using the finite-element method via the COMSOL Multiphysics software 

(version 6.3). A stationary study was performed using the direct MUMPS solver with a relative 

tolerance of 0.001 for convergence. The mesh comprised 936 triangular elements in the land and 

10000 quadrilateral elements in the MEA, corresponding to a total element area ratio of 3.24⨯10-5. 

Conventional agglomerate model

First, we briefly introduce the conventional agglomerate model. For detailed derivation, we refer 

the readers to the original reference.[35] In the conventional agglomerate model, the agglomerate 

is assumed to be a sphere agglomerate core with radius  r0covered by an ionomer shell with a 

thickness of δ (see Figure 1). [35] The agglomerate core is where the oxygen-reduction reaction 

(ORR) occurs and consists of catalyst/carbon particles bound with ionomer. For convenience, we 

assume Pt as the catalyst material in the rest of the model description. The current per volume of 

agglomerate core is given as

iaggcore=4F RO2
(1)

where RO2
 is the rate of oxygen consumption per volume of agglomerate core, 
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RO2
=kr ,aggcoreCO2

(2)

where kr ,aggcore is the apparent volumetric reaction rate at the agglomerate scale and CO2
 is the 

oxygen  concentration  within  the  agglomerate.  Here,  an  ORR reaction  order  of  one  is  used 

according to Parthasarathy  et al.,[41] which also enables an analytic evaluation.  Other ORR 

reaction orders have also been reported[42, 43] and its uncertainties have been discussed.[35, 44, 

45] kr ,aggcore is scaled from the intrinsic ORR reaction rate constant  kr through catalyst layer 

porosity εCL, volume ratio of agglomerate core to agglomerate, and the electrochemically active Pt 

surface area per volume of catalyst layer SPt ,act,

kr ,aggcore=kr ( SPt ,act

1−εCL )(
r0+δ
r0

)
3

(3)

where kr is described using Tafel kinetics: 

kr=
iref

4FCref

exp¿¿ (4)

where each term has its conventional definition. Cref  is 1 mol L-1 and Eref  is given as [40]

Eref=1.23−9×10−4 (T−298 ) [ V ] (5)

Fick’s law is applied to describe the oxygen transport within the agglomerate core:

−Daggcore
1
r2

d
dr (r2

dCO2

dr )=−RO2

(6)

where Daggcore is the O2 diffusion coefficient in agglomerate core and can be approximated using 

Bruggeman’s relation, 

Daggcore=Dfilmεaggcore
1.5 (7)

where Dfilm is the oxygen diffusion coefficient in ionomer thin film and εaggcore is the ionomer 

volume fraction in the agglomerate core. The flux of oxygen through agglomerate ionomer film 

should equal the total consumption of oxygen in the agglomerate core:

−Dfilm

dCO2

dr
(4πr2 )=∫

0

r0

−RO2
×4πr2dr (8)
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Analytical solutions can be obtained by applying the boundary conditions:

CO2
=
PO2

H film

 at  r=r0+δ 

CO2
 is a finite value at r=0

where PO2
 is the oxygen partial pressure and H film is the Henry’s constant of oxygen in ionomer 

film.  After substituting the solution from Equations (6 thru (8 to Equation (1, the expression for the 

current per volume of agglomeration core is

iaggcore=
4F

PO2

H film

1
kr ,aggcoreη

+
δr0

2

3 (r0+δ )Dfilm

(9)

  

η= 3
ϕL

2 (ϕLcoth(ϕL)−1 ) (10)

where  ϕL is the Thiele’s modulus that characterizes the reaction-transport process, defined as 

r0√kr ,aggcoreDaggcore

, and η is the effectiveness factor, defined as the ratio of the average reaction rate in 

the agglomerate core to the reaction rate with no transport loss within agglomerates (i.e.,  all 

catalyst is exposed to outside surface conditions).

Modified agglomerate model

The modified agglomerate model calculates the current generated from each type of interface 

separately and explicitly considers the interfacial transport resistance. We assume three types of 

interfaces: exterior-Pt/ionomer, exterior-Pt/water, and interior-Pt, which allows for the description 

of the widely used solid carbon and mesoporous carbon catalyst supports. As mentioned above, the 

interior-Pt interface is distinguished from the exterior-Pt interfaces, where the latter is further 

separated  into  the  ionomer-covered  and  water-covered  portions  if  the  surface  is  sufficiently 
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hydrated; something that is currently not able to be visualized and distinguished experimentally.

[28] In the following, the interface-dependent parameters are denoted with superscript i, where i ∈ 

{ext.-Pt/I, ext.-Pt/w, int.-Pt} to represent the exterior-Pt/ionomer, exterior-Pt/water, and interior-Pt 

interfaces. Current per volume of agglomerate core generated from interface i is

iaggcore
i =4F RO2

i (11)

where RO2

i  is the rate of oxygen consumption at interface i per agglomerate core volume, which can 

be described as

RO2

i =kr ,aggcore
i CO2 , s

i (12)

where kr ,aggcore
i  is the interface-dependent volumetric reaction rate at the agglomerate scale and 

CO2 , s
i  is the actual surface concentration at the Pt surface. kr ,aggcore

i  is scaled from the intrinsic 

ORR reaction rate constant kr
i  through the Pt ECSA per volume of catalyst layer SPt ,act

i ,

kr ,aggcore
i =kr

i ( SPt ,act
i

1−εCL )( r0+δ
r0

)
3

(13)

  

kr
i =

iref
4FCref

exp¿¿ (14)

We assume that the intrinsic ORR kinetics are interface-dependent by introducing the interface-

specific charge transfer coefficient αi, as the electrolyte-dependent electrical-double-layer (EDL) 

structure can affect ORR mechanisms.[46, 47] While a detailed microkinetic model alongside a 

EDL model could be employed to describe the ORR intrinsic kinetics, both EDL theory and ORR 

mechanisms remain debated.[46, 48] As an accurate description of ORR kinetics is not the main 

focus of this work, we account for the interface-dependent kinetics by assuming different fractions 

of activation energy of the rate-determining-step being reduced by the electrical energy, which is 

reflected through the parameter αi.

Similar to the conventional agglomerate model, constitutive equations to describe the O2 

transport at interface i within the agglomerates can be constructed as
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−Daggcore
1
r2

d
dr (r2

dCO2

i

dr )=−RO2

i (15)

−Dfilm

dCO2

i

dr
(4π r2 )=∫

0

r0

−RO2

i ×4π r2dr (16)

where CO2

i  denotes the O2 concentration in agglomerate. CO2

i should be distinguished from CO2 , s
i

due to  the additional  interfacial  transport  resistance that  is  not  captured in  the conventional 

agglomerate model. To solve analytically for Equation (15 and (16, CO2 , s
i  can be expressed using 

CO2

i based on Fick’s law. Near the interface i, assuming a linear concentration drop, the O2 flux 

should be equal to the rate of consumption:

jO2

i =

H film

H i
CO2

i −CO2 , s
i

Ri
=kr

i CO2 , s
i (17)

CO2 , s
i =

H film

H i
CO2

i

1+kr
i Ri

(18)

where  H i and  Ri are interfacial Henry’s constant and interfacial diffusion resistance of O2 at 

interface i, respectively.  Ri can be further expressed by the interfacial diffusion length  li and 

interfacial diffusivity Di: Ri= li

Di
. MD simulations show that the strong Pt-Nafion and Pt-water 

interactions both partition the electrolyte film into two distinct regions: a dense molecular layer, 

typically within 0.5 nm above the Pt surface, and a bulk-like region further away.[21, 24, 49] 

Therefore, H i and Ri  particularly describe the O2 transport within the dense layer and whose value 

should be distinguished from those of either bulk electrolyte or the entire thin film.  Grazing-

incidence small-angle X-ray scattering (GISAXS) has been conducted for thin films on planar 

substrates,  which  shows  alignment  of  domains  and  denser  layers.[50,  51] Also,  neutron-

reflectometry  data  has  been  fit  and  interpreted  to  suggest  a  dense  water  layer  at  the 

catalyst/electrolyte interface at the atomic scale. [52-54] However, direct experimental validation 

of the dense molecular layer at the sub-nanometer scale remains challenging. Fundamentally, H i 
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characterizes  the  oxygen  activity  at  the  interface  at  equilibrium,  which  is  governed  by  the 

adsorption free energy of O2 at the Pt/electrolyte interface. This parameter influences both apparent 

ORR kinetics by determining the maximum surface availability to O2, given by 
H film

H i
CO2

i , and the 

transport resistance through interfacial permeability.  Di reflects the energy barrier O2 needs to 

overcome to traverse the dense electrolyte layer and reach the Pt surface. By introducing the 

adsorption free energy, Eads
i , and diffusion energy barrier, Ea

i , that reference the bulk properties, 

H i and Ri can be expressed by the Henry’s constant and diffusion coefficient of O2 in the bulk 

electrolyte, denoted respectively as Hb
i  and Db

i , based on Arrhenius-type relation,

H i=Hb
i exp(Eads

i

RT ) (19)

 

Ri= li

Db
i exp(−Ea

i

RT ) (20)

where li characterizes the thickness of dense electrolyte region at interface i. Substitute Equation 

(12(14 and (18 into Equation (15(16 gives

RO2

i =

H film

H i ( SPt ,act
i

1−εCL )( r0+δ
r0

)
3

kr
i

1+kr
i Ri

CO2

i
(21)

If defining a corrected reaction rate constant 
k

r ,aggcore∗¿i=

H film

H i ( SPt ,act
i

1−εCL)(r0+δ
r0

)
3

kr
i

1+kr
i Ri

¿
, the analytical solution 

for iaggcore
i  with the same form of Equation (9 can be obtained,

iaggcore
i =

4F
PO2

H film

1

kr ,aggcore∗¿iη¿
i+

δr0
2

3 (r0+δ )Dfilm

¿ (22)
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where the interface-corrected term η¿
i  and ϕL,∗¿i¿ are

η¿
i= 3
ϕL,∗¿i

2 ¿¿
(23)

 

ϕ
L,∗¿i=r0√ kr ,aggcore∗¿i

Daggcore

¿¿ (24)

So far, iaggcore
i  for each type of interface are defined and can be distinguished by the interface-

dependent  parameters  SPt ,act
i ,  H i,  Ri,  and  αi,  where  SPt ,act

i  is  the structural  parameter that 

characterizes the available area of different types of interfaces and H i, Ri, and αi characterize the 

intrinsic  properties  of  the  interface.  Parameterization  of  these  interfacial  properties  will  be 

introduced in the next section. Lastly, the current per volume of catalyst layer can be determined as 

the sum of the current generated from all types of interfaces,

iCL=( r0

r0+δ )
3

(1−εCL )∑
i

iaggcore
i (25)

Interfacial properties parameterization

Electrochemically active Pt area for interface i (SPt ,act
i ).— CO-stripping voltammetry and 

hydrogen-underpotential deposition (HUPD) are widely used to measure ECSA.[55] In electrodes 

featuring non-ionomer-covered Pt interfaces, whether they are exterior or interior, ECSA becomes 

a function of RH as the Pt not contacting the ionomer can only be electrochemically active at higher 

RH when sufficient water or ionomer swelling is present to provide proton-transport pathways.[27, 

56, 57] As a result, ECSA measured at high RH approximates the total available active Pt area, 

denoted as  SPt
tot. The experimental reported ECSA with the unit of area per mass of Pt can be 

converted to the model parameters with the unit of area per CL volume by

SPt
tot=

LPtECSA

tCL
(26)

12

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18



where LPt is the Pt loading in the unit of Pt area per MEA area, and tCL is the CL thickness. If not 

provided in the literature, CL thickness can be estimated based on ink composition and porosity:

tCL=
LPt (1−ωPt )
(1−εCL )ωPt

( I :C
ρ I

+ 1
ρC

) (27)

 

εCL=−0.32×I :C+0.79 (28)

where ωPt is the platinum content of Pt/carbon catalyst particle, ρ I and ρC are the densities of 

ionomer and carbon respectively, and I :C is the I to C ratio. Due to limited data relating CL 

porosity to ink parameter matrix, εCL is empirically correlated solely with the I to C ratio based on 

literature data (Figure S1).[15-17, 58-62]

To decompose SPt
tot into SPt ,act

i , we introduce the following parameters: ionomer coverage 

on  exterior-Pt,  θ I,  interior-Pt  fraction,  f ∫¿¿,  and  the  surface  utilization  for  interface  i,  ξ Pt
i . 

SPt ,act
i  can be fractionated from SPt

tot as

SPt ,act
ext .−Pt / I=SPt

tot ¿ (29)

 

SPt ,act
ext .−Pt /w=SPt

tot ¿ (30)

SPt ,act
∫ .−Pt =SPt

tot f ∫¿ξPt
∫ .−Pt ¿

(31)

The surface utilization factor accounts for the ECSA reduction due to the site-blocking effect of 

sulfonic-acid  moieties  for  the  ionomer-covered  interface  and  the  RH-dependent  proton 

accessibility for the non-ionomer-covered interface. For the ionomer-covered interface, sulfonic-

acid coverage can be quantified by integrating the displacement current transient as CO gas is 

introduced to the electrode during potential-hold experiments at 0.5 V, so-called CO-displacement 

experiments.[10, 12],  [63] For the non-ionomer-covered interface, although ECSA’s dependence 

on RH varies across different electrodes,[27, 56, 57] Pt sites achieve the highest ECSA under 

saturated condition (i.e., RH=100%). Under those conditions, a utilization factor of unity can be 

assumed. However,  one  should  note  that  the  maximum  ECSA  utilization  under  operando 
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conditions may not always be true, especially at high current densities where proton transport 

become limiting, a factor beyond the scope of the current study.

Several  approaches  have  been  proposed  to  evaluate  the  ionomer  coverage.  Ionomer-

covered Pt  surface can be distinguished from water-covered Pt  surface by measuring ECSA 

through CO-stripping voltammetry under dry condition or fluorocarbon-fluid-filling condition,[23]

where proton transport to non-ionomer-covered Pt surface is inhibited. Other approaches include 

comparing capacitance current under perfluorohydrocarbon solvent and under nitrogen [25], and 

analyzing the  RH-dependent  EDL capacitance  from electrochemical-impedance  spectroscopy 

(EIS) [12, 26]. A consistent trend of increasing ionomer coverage with a higher I to C ratio has been 

reported in literature (see Figure S2 in the Supplementary Materials); however, the values are 

quantitatively  inconsistent.  The  above  characterization  techniques  have  also  been  applied  to 

Pt/mesoporous carbon electrodes to estimate the interior-Pt fraction, usually under the assumption 

of no ionomer penetration. However, as there is increasing evidence indicating the presence of 

ionomer in the pore,[28, 64, 65]  the interior-Pt particles should not be equated with non-ionomer-

covered Pt. An alternative method is to count the number of interior and exterior-Pt particles 

identified  from  comparing  scanning-electron-microscopy  (SEM)  and  scanning-transmission-

electron-microscopy (STEM) images.[9, 66] 

Determination  of  H i,  Ri,  and  αi for  exterior-Pt/ionomer  interface.—  Experimental 

measurement of interfacial Henry’s constant and diffusion resistance for an individual interface 

requires a controlled experimental system involving only one interface type. Kudo determined O2 

transport resistance by measuring the limiting current density at the Pt/ionomer interface using a 

microelectrode setup with a Pt disk electrode coated with Nafion films of varying thickness.[22] 

The film-thickness-independent  transport  resistance  is  determined as  the  interfacial  transport 

resistance by extrapolating the linear relationship between the resistance and film thickness to zero 

film thickness.  This  value corresponds to  H i×Ri for  the exterior-Pt/ionomer interface.  The 

expression below, fit from the experimental data reported as a function of RH and temperature, is 

used in the model (see Figure S3 in the Supplementary Materials):

Hext .−Pt / I×Rext .−Pt / I=(−530.5a0+1453 )exp(2799 [K ]
T )[Pa m2  s mol-1]

(32)
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where a0 is the water activity in the ionomer. H i×Ri represents the permeation resistance that is 

inversely proportional to the interfacial permeability and can be separated if either H i or Ri is 

known.  The  assumption  underlying  the  adoption  of  Equation  (32) to  describe  the  transport 

resistance  at  exterior-Pt/ionomer  interface  is  that the  diffusion resistance  at  the  gas/ionomer 

interface and in the ionomer film is considered negligible from the overall interfacial resistance. 

MD simulations have shown that the O2 permeation flux at the gas/Nafion interface is three orders 

of magnitude higher than that at the Nafion/Pt interface, indicating negligible resistance at the 

gas/Nafion interface compared to the Nafion/Pt interface.[21] As for the resistance associated with 

the ionomer film, both microelectrode and MEA studies have suggested that the local transport 

resistance for a Pt/Nafion system is insensitive to film thickness within the length scale of the 

ionomer thin film (e.g. ~10 nm).[15, 22] Therefore, at the interface scale, the transport resistance 

from the ionomer film can be considered minimal compared to the other ones. Alternatively, the 

model does capture the transport resistance in the ionomer film at the larger agglomerate scale. 

Jinnouchi  and coworkers  calculated the  dissolution energy of  O2 from the  gas  phase  to  the 

interfacial Nafion ionomer film, denoted as Edis, as a function of water uptake (see Figure S4 in the 

Supplementary  Materials).[21] According  to  an  Arrhenius-type  equation,  Hext .−Pt / I can  be 

determined as

Hext .−Pt / I=RT exp(Edis

RT ) (33)

Rext .−Pt / I can be then determined by  H
ext .−Pt / I×Rext .−Pt / I

Hext .−Pt / I . Lastly, to obtain αi, the Tafel slope 

from ORR voltammetry at the Pt/Nafion interface measured using a microelectrode setup was 

used.[41]

Rigorously speaking, the above parameters are specific to the Pt/ionomer interface used in 

these experiments. For a different ionomer electrolyte, e.g.,  a hydrocarbon ionomer, different 

interfacial parameters may be expected and a precise description of that Pt/ionomer interface 

requires additional experimental characterization. Another uncertainty could be the transferability 

of findings from the single-crystal Pt/ionomer interface to the realistic interfaces in an MEA, where 
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factors such as complex polycrystalline catalyst nanoparticles and surface chemistry of catalyst 

supports come into play.

Determination of  H i,  Ri, and αi for exterior-Pt/water interface.— In contrast to the direct 

measurement of interfacial permeation at the Pt/ionomer interface introduced above, experimental 

characterization of the interfacial transport at the exterior-Pt/water interface is less straightforward. 

Takeshita et al. found that the ORR specific activity at exterior-Pt/water interface was 4.5 times 

higher than at Pt/ionomer interface under 80% RH at 0.9 V.[23] Using this correlation with 

Equation (19, Eads
ext .−Pt /w was determined to be -4.9 kJ mol-1. MD simulations calculate adsorption 

free energy of O2 on Pt(100), Pt(111), and Pt(110) surfaces in water ranges from -6.4 to +3.5 kJ 

mol-1.[49] Thereby, the value of  Eads
ext .−Pt /w reasonably agrees given the mixed facets of realistic Pt 

nanoparticles. To estimate Rext .−Pt /w, we utilized the non-Fickian transport resistance measured 

from the ionomer-free nanostructured-thin-film (NSTF) electrode, which is 0.187 s cm-1 at  a 

roughness factor of 12.9 cm2
Pt cm-2

MEA.[67] A typical NSTF architecture consists of only catalyst-

coated whiskers with the majority of the Pt surface not in contact with the ionomer, except for a 

small portion of the whiskers that are pushed into the membrane during assembly.[68] Thereby, in 

the  absence  of  agglomerates  and  ionomer,  the  interfacial  transport  resistance  at  the 

exterior-Pt/water  interface  can  be  regarded  as  the  sole  cause  of  the  non-Fickian  transport 

resistance. Applying Equation (20, Ea
ext .−Pt /w was determined as 14.6 kJ mol-1, which falls within 

the range of free-energy barriers of O2 adsorption on low-index Pt surfaces in water, calculated as 

9.0 to 18.0 kJ mol-1 by MD simulations.[49]  lext .−Pt /w in Equation (20 was approximated as 0.5 nm 

based on the  thickness  of  high-water-density  region above the  Pt  top  atomic  layer.[49] We 

acknowledge the potential  uncertainties of  Eads
ext .−Pt /w arising from the fitting procedure with 

insufficient characterization of NSTF electrode structure (see Supplementary Materials for detailed 

fitting protocol). Thus, parametric studies of Eads
ext .−Pt /w will be accomplished.

Lastly, to obtain αi, the Tafel slope from ORR voltammetry measured from rotating-disk 

electrode (RDE) setups with HClO4 electrolyte was used.[69]

Determination of H i, Ri, and αi for interior-Pt interface.— Harzer and colleagues selectively 

deposited all Pt particles inside the pores of Ketjenblack (KB) carbon support, providing an ideal 
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model system for extracting the interfacial parameters to describe the interior-Pt interface.[70] 

Using their MEA measurements, H i and Ri were determined by reproducing the kinetic regime of 

the IR-free polarization curve and the pressure-independent transport resistance, respectively. αi 

was fit to the Tafel slope of the kinetic regime from the IR-free polarization curve. Similar to the 

exterior-Pt/ionomer  interface,  the  values  for  these  interfacial  parameters  are  system-specific, 

which incorporate the effects of pore-size distribution, level of ionomer penetration, interior-Pt 

loading, pore-wall surface chemistry, etc., which may not be directly transferable to describe the 

interior-Pt interfaces in a different electrode although the trends are probably translatable.  We 

suggest that these interfacial parameters might be less appropriate for describing the interior-Pt 

interfaces in mesoporous carbon pores other than the KB carbon pores, and more experimental data 

to confirm this is required, as recent studies utilizing novel mesoporous carbon supports have 

demonstrated improved cell performance;[71, 72] parametric studies are performed in more detail 

below.  A  more  precise  bottom-up  approach  would  involve  calculating  effective  values  by 

integrating pore-property-dependent parameters over all pores; however, the so-far ill-defined pore 

environment  and  limited  characterization  of  nanopore-scale  O2 transport  limit  the  practical 

application of this approach today.

Results and Discussions

Interfacial parameters

Table 1 and Figure 2 summarizes the value of interfacial parameters obtained as discussed above. 

Details of the fitting protocol are available in the Supplementary Materials. Not surprisingly, the 

interfacial properties at the Pt/electrolyte interfaces differ from those of the corresponding bulk 

electrolytes.  These  deviations  arise  from  either  the  interfacial  interactions  between  Pt  and 

electrolyte molecules or confined nanopore geometry that create a distinct local environment. The 

large positive dissolution energy with respect to the gas phase causes a higher interfacial Henry’s 

constant at the Pt/ionomer interface compared to a typical Henry’s constant for a recast Nafion 

membrane under the same conditions (2.95⨯104 Pa m3 mol-1 at  80°C and 100% RH [22]). In 

contrast, the negative adsorption energy at the exterior-Pt/water interface leads to a lower Henry’s 

constant than that of bulk water (1.25⨯105 Pa m3 mol-1 [73]). Assuming a 0.5 nm-thick interfacial 
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dense layer, we estimated the interfacial diffusivities to be 9.25⨯10-11 m2 s-1 and 4.71⨯10-11 m2 s-1 

at exterior-Pt/ionomer and exterior-Pt/water interfaces respectively, which are both notably lower 

than their bulk values (6.27⨯10-10 m2 s-1 for recast Nafion membrane [22] and 6.90⨯10-9 m2 s-1 for 

water [73]) due to the additional diffusion energy barriers near the Pt surface due to confinement 

and structuring of the hydrogen-bond network. 

Table 1. Values of interfacial parameters at T=80 °C and RH=100%.

Figure 2. Summary of interfacial parameters. (a) Values of interfacial parameters at T=80 °C 
and RH=100%. (b) Comparisons between interfacial parameters. All values are normalized by 
the values for the exterior-Pt/water interface.

Interfacial properties significantly influence macroscopic cell performance (see Equations 

S6 and S9 in the  Supplementary Materials).  The interfacial  Henry’s constant determines the 

maximum oxygen availability at the catalyst surface, affecting performance across all current 

densities.  At  100%  RH,  the  exterior-Pt/ionomer  interface  exhibits  a  Henry’s  constant 
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ext.-Pt/w ext.-Pt/I int.-Pt

H i (Pa m3 mol-1) 2.33⨯104 4.72⨯105 2.27⨯105

Ri (s m-1) 10.62 5.41 30.92

H i×Ri (kg m s-1 mol-1) 2.48⨯105 2.55⨯106 7.03⨯106

αi 1 0.92 0.85
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approximately 20 times higher than the exterior-Pt/water interface (Figure 2b). Although this value 

decreases  at  lower  RH  (see  Figure  S4  in  Supplementary  Materials),  O  solubility  at  the₂  

exterior-Pt/ionomer interface remains low. Notably, this trend contrasts with bulk behavior, where 

O  solubility  in  water  is  lower  than  in  ionomer,₂ [22,  73] highlighting  the  disparity  between 

interfacial and bulk properties. The high interfacial Henry’s constant at the exterior-Pt/ionomer 

interface  leads  to  surface  oxygen  starvation  before  reaching  diffusion  limitation,  leading  to 

suppressed performance at low current density (lcd) as suggested in Equation S6. Therefore, 

enhancing O2
 solubility at the exterior-Pt/ionomer interface would benefit cell performance. This is 

supported by the improved specific ORR activity observed in electrode using a highly oxygen-

permeable ionomer (HOPI), where the O2 solubility at the Pt/HOPI interface was found to be 

higher than at Pt/Nafion or Pt/Aquivion ionomer interfaces. [24] The highest diffusion resistance 

was identified to occur at the interior-Pt interface, attributed to the extended transport pathways and 

reduced diffusivity inside the carbon nanopores. Kikkawa and Kimura found that oxygen diffusion 

is retarded by 2 orders of magnitude in water-filled pores, and slowed by an additional 1~2 order of 

magnitude if ionomer is present.[74] The interfacial permeability, which dictates mass transport at 

high  current  density  (hcd)  (see  Equation  S9  in  the  Supplementary  Materials),  is  inversely 

proportional  to  the  product  of  the  interfacial  Henry’s  constant  and  diffusion  resistance.  A 

comparison among the three types of interfaces shows that their interfacial permeabilities follow 

the trend of interior-Pt < exterior-Pt/ionomer < exterior-Pt/water. The restricted O2 permeation 

inside nanopores stems from both low O2 solubility and high diffusion resistance, whereas the 

exterior-Pt/ionomer interface benefits from lower diffusion resistance that partially offsets its poor 

solubility.

Multiscale cell performance diagnostic

Electrochemical  impedance  spectroscopy  (EIS)  has  been  employed  to  decouple  the  cell 

performance loss into various contributions, typically associated with kinetics, ohmic resistance, 

and mass transport.[75] However, this approach only resolve process with sufficiently distinct 

times cales, limiting its ability to capture finer mechanistic details.[76-78] For example, the model 

indicates that O2 diffusion in gas phase of the catalyst layer and within the agglomerate both exhibit 
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similar characteristic time constants on the order of ~10-5 s, leading to overlapping impedance 

features.  In  contrast,  a  key  advantage  of  the  developed  model  is  its  ability  to  deconvolute 

performance losses across multiple transport lengthscales and timescales, and identify specific 

areas for improvement.  To demonstrate this capability, MEA measurements from Harzer et al. 

using Pt/KBPO and the Pt/KBIW catalyst—corresponding to electrodes involving only exterior-Pt 

particles and interior-Pt particles respectively—are used as the reference cases.[70] We assume the 

exterior-Pt particles in Pt/KBPO are fully covered by ionomer as discussed in the Supplementary 

Materials.  Consequently,  the  performance  difference  between the  two electrodes  reflects  the 

contrasting interfacial properties of the exterior-Pt/ionomer and interior-Pt interfaces. 

Using  the  parameters  determined  previously  (Figure  2 and  Table  S1),  the  modeled 

polarization curves at 80°C, 100% RH, 170 kPa, and H2/10%O2 channel conditions demonstrate a 

satisfactory agreement with the experiments (Figure 3a). The voltage-loss breakdowns, analyzed 

using the power-loss post-processing method detailed by Gerhardt  et al.  [79], suggest that the 

sluggish ORR kinetics and O2 mass transport are the two major causes of cell performance loss for 

both Pt/KBPO and the Pt/KBIW system (Figure 3b and Figure 3c). The model reveals that ORR 

kinetics is not the only contributor to the performance loss at low current density, and that the O 2 

mass  transport  also  plays  a  significant  role.  Detailed  breakdowns  (methods  provided  in 

Supplementary Materials) of O2 mass-transport voltage loss demonstrate that the mass-transport 

loss at low current density originates from O2 dissolution from the gas phase into the ionomer phase 

and subsequent interaction with the Pt surface. These processes consistently contribute to the 

transport losses across the entire current-density range. The transport resistance primarily arises 

from the agglomerate scale and interface scale (Figure 3d and Figure 3e). At the agglomerate scale, 

the limiting step of transport within the agglomerate is O2 dissolution rather than the diffusion 

resistance in the agglomerate ionomer film and agglomerate core. This observation is likely due to 

two aspects: first, the O2 diffusivity in the bulk ionomer film is not exceptionally low compared to 

that in the dense layer at the interface, as discussed previously; secondly, due to this relatively high 

O2 diffusivity and relatively small diffusion length, transport within both the agglomerate film and 

agglomerate core is insufficient to generate a substantial diffusion resistance.  In particular, the 

thickness  of  agglomerate  film  and  radius  of  agglomerate  core  are  6.76  nm  and  84.7  nm, 

respectively. These values were determined from the I:C ratio based on correlations derived from 
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nano-XCT data  (see  Equation  S10  and  Equation  S11  in  Supplementary  Materials),  and  are 

considerably smaller than those used in previous modeling studies, where assumed or fitted values 

were used to describe agglomeration properties.[37] Our finding is  consistent with modeling 

studies that employed similar agglomerate properties that were correlated to TEM and SAXS data 

as well, which reported uniform O2 distribution within the agglomerate when interfacial resistance 

is considered, indicating minimal diffusion resistance within the agglomerate.[80, 81] On the other 

hand, at the interface scale, the weak adsorption of O2 at the Pt surface consistently contributes to 

the transport loss across all operating current densities, while interfacial diffusion becomes limiting 

at higher current densities. 

Although diffusion resistance within the agglomeration exhibits minor impact on overall 

mass  transport  in  the  two  reference  cases,  sensitivity  analysis  suggests  the  critical  role  of 

controlling agglomerate size on diffusion voltage loss at both the agglomerate and interface scales 

(Figure 4). As the agglomerates become larger, less O2 can access the inner agglomeration core, 

which, in turn, reduces the O2 concentration gradient and diffusive driving force near the interface, 

further aggravating the interfacial  diffusion resistance.  Furthermore,  given the wide range of 

agglomeration sizes, ranging from 5 to 5000 nm, used in previous modeling studies [37], one may 

expect significant discrepancies in dissecting the mass-transport resistance if an unrepresentative 

agglomerate size is used. These insights underscore the necessity of precise characterization of and 

accounting for the agglomeration properties to capture the comprehensive multiscale transport 

phenomena.
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Figure 3. (a) Calculated polarization curves for the Pt/KBPO (all exterior-Pt/ionomer interface) and 
Pt/KBIW (all interior-Pt interface) catalysts and comparisons with experimental measurements. The 
operating conditions are 80 °C, 170 kPa,  100% RH, and H2/10%O2 feed.  (b-c)  Voltage-loss 
breakdowns of Pt/KBPO and Pt/KBIW systems. (d-e) Detailed voltage-loss breakdowns for mass-
transport loss of Pt/KBPO and Pt/KBIW cells.
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Figure 4. Effect of agglomerate core radius on mass-transport voltage loss at different scales.

The  influence  of  interfaces  on  O2 mass  transport  is  demonstrated  by  comparing  the 

Pt/KBPO and the Pt/KBIW cells (Figure 5). At a low current density (0.3 A cm-2
geo), where diffusion 

limitation is  low,  the Pt/KBIW system exhibits  smaller  mass-transport  loss  due to  the higher 

interfacial solubility of its interior-Pt interfaces compared to the exterior-Pt/ionomer interface in 

the Pt/KBPO system (Figure 5a). This trend can be visualized from the computed O2 concentration 

profile from the inlet to the Pt surface shown in Figure 5b, which exhibits a more pronounced 

concentration decrease during interfacial  adsorption in  the Pt/KBPO system. However,  as  the 

current density increases to a higher level (1 A cm-2
geo), the Pt/KBPO system surpasses the Pt/KBIW 

system in total mass-transport loss. This reversal is attributed to the lower interfacial diffusion 

resistance of the exterior-Pt/ionomer interface in the Pt/KBPO system, which compensates for its 

low interfacial solubility and yields a higher interfacial permeability. This shift corresponds to the 

changes in O2 concentration at the interface: at 0.3 A cm-2
geo, Pt/KBPO system exhibits lower O2 

concentration at Pt interface, but at 1 A cm-2
geo, it surpasses the Pt/KBIW system due to smaller O2 

concentration  drop  across  the  interface.  These  findings  help  rationalize  the  experimental 

observations that MEAs using porous carbon support—where the majority of catalyst particles 

reside within nanopores—often exhibit better performance at low current densities but poorer 

performance at higher current densities compared to MEAs using solid carbon supports.
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Figure 5. Comparisons between Pt/KBPO and Pt/KBIW systems on (a) mass-transport loss across 
lengthscales and (b) O2 concentration profile from inlet to Pt surface at low and high current 
densities. Concentrations are normalized by the inlet concentration.

Co-effect of different interfaces on cell performance

Beyond diagnosing cell performances, another practical application of the model is to assess how 

varying the distribution of interfaces affects cell performance. The specific activity at 0.9 V and 

non-Fickian transport resistance were evaluated for different combinations of interfaces (Figure 6), 

keeping all other cell parameters consistent with the Pt/KBPO cell. We focus on the scenario of 

100% RH, under which both exterior-Pt/water and interior-Pt interfaces are 100% utilized. The 

highest  low-current-density  performance is  achieved with  a  100% exterior-Pt/water  interface 

(Figure 6a),  due to its  superior  interfacial  solubility and lowest  Tafel  slope.  This significant 

advantage suggests that as long as ionomer coverage on exterior-Pt surfaces remains below 100%, 

low-current-density performance declines with increasing fraction of interior-Pt surface (for the 

same total ECSA or loading) because of reduced availability of the exterior-Pt/water interface. In 

this case, using solid carbon support to ensure all Pt particles anchored on the surface of carbon to 

maximize the exterior-Pt/water interface appears to benefit the low-current-density performance 
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(Figure 6b). Yang  et al. observed enhanced specific activity by maximizing Pt/water interface 

through using a coaxial nanowire electrode, where the triple-phase boundary was separated into a 

proton-conducting Pt/ionomer  interface  and an O2-transport  Pt/water  interface.[82] However, 

when the exterior-Pt surface is fully covered by the ionomer, low-current-density performance 

improves with increasing interior-Pt surface area, indicating that the mesoporous carbon supports 

become advantageous by ameliorating the performance loss from the Pt particles inside pores 

(Figure 6b).

The presence of the exterior-Pt/water interface also significantly reduces the non-Fickian 

transport resistance, as demonstrated in Figure 6c. While non-Fickian transport resistance can be 

decreased from 0.9 to 0.5 s cm-1 by changing from an electrode with 100% interior-Pt-interface to 

one with 100% exterior-Pt/ionomer interface, it can be further reduced to 0.3 s cm-1 by introducing 

only ~10% exterior-Pt/water interface and eventually reach ~0.1 s cm-1 if the electrode is ionomer-

free  (Figure  6d).  Given  the  uncertainties  in  interfacial  parameters  for  the  exterior-Pt/water 

interface, parametric studies were carried out by varying the interfacial diffusion energy barrier 

(Figure S5 in Supplementary Materials). Consistent trends are observed that a small fraction of 

exterior-Pt/water interface can substantially attenuate the non-Fickian transport resistance. The 

nonlinear correlation between non-Fickian transport resistance and the areal distribution of the 

interfaces is likely due to the nature of resistance-in-parallel configuration, implying that the 

inclusion of a low-resistive interface, even a small portion, can greatly reduce the non-Fickian 

transport resistance.

The low interfacial transport resistance of the exterior-Pt/w interface can significantly 

benefit  the  adoption  of  cost-saving  ultra-low-loaded  electrodes,  where  non-Fickian  transport 

resistance predominantly contributes to performance loss. Figure 7 compares the modeled non-

Fickian transport resistance as a function of roughness factor between electrodes with 100% 

exterior-Pt/water interface (representing an ionomer-free electrode) and 100% exterior-Pt/ionomer 

interface (representing a conventional ionomer-based Pt/C electrode), with loading below 0.06 mg 

cm-2
geo. The model successfully reproduces the inverse relationship between non-Fickian transport 

resistance and the roughness factor. While quantitative discrepancies exist between the model 

predictions and experimental data [67], likely stemming from the unknown electrode properties 
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that may not be accurately captured by the model parameters (e.g., agglomeration size and different 

Pt/electrolyte  interactions due to  various ink and electrode fabrication processes),  the model 

consistently aligns with the observed trends. The model suggests that the mass-transport resistance 

of ionomer-free electrodes is far less sensitive to reduced loading. For instance, to achieve the same 

level of mass transport resistance as a conventional Pt/C electrode, the roughness factor of an 

ionomer-free electrode can be reduced from 42.7 to 13.1, equivalent to a 70% reduction in Pt 

loading.  Similarly,  experiments  also  indicate  that  an  ionomer-free  NSTF  electrode  with  a 

roughness  factor  of  ~12  exhibits  non-Fickian  transport  resistance  comparable  to  that  of  a 

conventional Pt/C electrode with a roughness factor of ~43.

Overall, the presence of the exterior-Pt/water interface (assuming protons can reach the Pt 

at these lower operating current densities) is pivotal for enhancing both low-current-density and 

mass-transport-limited performance.  The ionomer-free  NSTF electrode is  one of  the  pioneer 

designs  to  exploit  this  interface,  demonstrating  significant  improvement  in  cell  performance 

compared to the conventional ionomer/filled electrodes, albeit with high sensitivity to RH.[82-84] 

However, effectively leveraging the exterior-Pt/water interface needs a holistic strategy that also 

accounts for proton conduction and its restricted utilization at lower RH. Promising CL designs 

include engineering the local ionomer distribution to minimize direct contact with the Pt surface, 

allowing  Pt  exposure  to  the  local  water  phase  while  maintaining  the  ionomer  network  at 

macroscale to provide sufficient proton conduction.[85, 86] For example, Babu and coworkers 

developed an array electrode with Pt/C particles supported between the vertically aligned Nafion 

pillars.  These  pillars  form  highly  conductive  and  low-tortuosity  proton  transport  channels, 

reducing the ionomer required between Pt/C particles and further improving the interfacial mass 

transport. [87,  88] Developing  ionomer-free  or  low-ionomer  electrodes  with  novel  proton-

conductive catalyst supports is an alternative approach to leverage the benefits of the Pt/water 

interface; recent studies have begun exploring such materials and configurations.[89, 90]
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Figure  6.  Specific activity (SA) at 0.9 V and non-Fickian transport resistance evaluated with 
different combinations of interfaces. Specific activity at 0.9 V (a) with different combinations of the 
three types of  interfaces and (b)  as  a  function of  interior-Pt  fraction with different  ionomer 
coverage  θ I on  exterior-Pt  interface.  Non-Fickian  transport  resistance  (c)  with  different 
combinations of the three types of interfaces and (d) as a function of exterior-Pt/water fraction (no 
interior-Pt) and interior-Pt fraction (no exterior-Pt/water).
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Figure  7. Predicted  non-Fickian  transport  resistance  as  a  function  of  roughness  factor  for 
conventional ionomer-based Pt/C electrode and ionomer-free electrode with ultra-low Pt loading. 
Calculations were carried out with Pt loading ranging from 0.01 to 0.06 mg cm-2geo. Roughness 
factor was determined by the multiplication of Pt loading and ECSA, which is 69 m2 g-1 Pt as used 
for the Pt/KBPO system. Experimental reference is taken from Kongkanand et al. [67].

Effects of carbon-support type

By differentiating interface types, the model can be applied to simulate different types of carbon 

support. The consistency between interfacial properties and cell performance for porous carbon 

and solid carbon is demonstrated above, showing that the superior lcd performance and inferior hcd 

performance of porous carbon aligns with the higher interfacial solubility and slower diffusion at 

the  interior-Pt  interfaces.  On  the  other  hand,  recent  breakthroughs  in  mesoporous  carbon 

development have led to improved electrode performance when using these novel supports, such as 

specific activity and mass transport, compared to conventional porous- and solid-carbon supports 

like KB and Vulcan.[71, 72] To reflect these improvements and explore model sensitivity, a 

parametric study was conducted on changes in interfacial properties of the interior-Pt interface on 

specific activity and non-Fickian transport resistance (Figure 8a and  Figure 8b). In particular, 

parametric  studies  on  α∫ .−Pt and  H∫ .−Pt are  performed  for  specific  activity,  and 

H∫ .−Pt×R∫ .−Pt for the non-Fickian transport resistance, as these are the effective parameters 

according to Equation S2 and Equation S9 respectively.
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Assuming that all active exterior Pt interfaces are covered by ionomer, which is likely to be 

a common scenario in a conventional ionomer-based Pt/C electrode, better intrinsic ORR kinetics 

(larger  α∫ .−Pt) or higher O2 interfacial solubility (smaller  H∫ .−Pt) both lead to higher specific 

activity with more interior-Pt particles. This scenario corresponds to the optimized pore size in the 

porous carbon support, that pores are sufficiently narrow to block ionomer but large enough to 

sustain a bulk-like water structure inside. Conversely, if the pore ionomer content is high (e.g., 

H∫ .−Pt = Hext .−Pt /I), the interior-Pt interface negatively impacts the specific activity and thereby 

the lcd performance. For the hcd performance, with increasing O2 permeability inside the pore 

(smaller  H∫ .−Pt×R∫ .−Pt),  the  lowest  non-Fickian  transport  resistance  shifts  from  0%  to 

increasingly higher interior-Pt fractions, making mesoporous carbon more advantageous than solid 

carbon. Similarly, when the pore environment approximates bulk water (e.g., H∫ .−Pt×R∫ .−Pt = 

Hext .−Pt /w×Rext .−Pt /w),  mass  transport  outperforms  both  conventional  mesoporous  carbon 

(baseline case) and solid carbon (interior-Pt fraction = 0%). Finally, it is important to note that 

α∫ .−Pt, H∫ .−Pt, and R∫ .−Pt may be interrelated, as changes in the pore electrolyte environment can 

simultaneously affect ORR kinetics, O2 adsorption energy, and O2 diffusion.

Despite the potential for improved mass transport through optimizing mesoporous carbon-

pore properties, low RH operation remains a challenge for these electrodes. This is primarily due to 

the reduced interior Pt utilization from insufficient pore water.[29, 91] Figure 8c illustrates the 

modeled  non-Fickian  transport  resistance  as  a  function  of  RH for  both  Pt/solid  carbon  and 

Pt/porous carbon electrodes. Pt/porous carbon is described with 25% exterior-Pt/ionomer interface 

and  75%  interior-Pt  interface  in  the  model,  with  the  interior-Pt  utilization  ξPt
∫ .−Pt being 

implemented as a function of RH (Figure 8d). Both electrodes exhibit higher RNF with decreasing 

RH. For the Pt/solid carbon electrode, this trend is due to the decreased O2 permeability at lower 

RH at the exterior-Pt/ionomer interface and in the agglomerate ionomer phase, with the latter 

contribution being kept the same between the two electrodes. Notably, Pt/porous carbon electrode 

demonstrates a more dramatic RNF increase with decreasing RH because of the reduced ECSA at 

lower RH, indicating greater vulnerability to low RH conditions. Similar trends have been reported 

in previous modeling [81] and experimental  [92, 93] studies.
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Figure  8.  Parametric studies on the interfacial parameters of interior-Pt interfaces to represent 
different types of carbon supports. (a) Specific activity at 0.9 V and (b) non-Fickian transport 
resistance evaluated with different combinations of interior-Pt and exterior-Pt/water interfaces, 
evaluated at RH=100%. (c) RH-dependence of non-Fickian transport resistance for Pt/solid carbon 
and Pt/porous carbon electrode. (d) Correlation between interior-Pt utilization and RH converted 
from Hu et al. [92]; Pt utilization at RH=30% (dry condition) from Hu et al. is assumed to be solely 
due to the exterior-Pt/ionomer interface, therefore, the rest of the area corresponds to the interior Pt 
interface that is used to calculate interior-Pt utilization. 

Origins of ionomer poisoning effect

What’s been embedded in the previous discussion is the consideration of ionomer poisoning. 

Ionomer poisoning has been widely used to explain the suppressed kinetic performance of MEAs 

involving the catalyst/ionomer interface, with sulfonic-acid moiety adsorption identified as the 

primary cause. Sulfonic-acid group adsorption directly leads to ECSA loss by blocking active sites, 
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while its indirect effects include hindering O2 adsorption [24] and altering the electronic state of 

catalyst particles [94]. Consequently, the origins of ionomer poisoning remain unclear, as these 

outcomes of sulfonic-acid group adsorption all influence the kinetic performance but in distinct 

ways. Sulfonic-acid group coverage is typically used as a descriptor to characterize the level of 

poisoning;[10, 12, 24] however, it is only quantitatively associated with the ECSA loss and is 

typically reported to be below 20% [10, 12, 24]. On the other hand, MD simulations suggest that 

sulfonic-acid adsorption not only decreases ECSA, but also brings additional poisoning moieties, 

such as the ether in the sidechain, resulting in a denser ionomer molecular layer that can further 

alters the interfacial Henry’s constant by an order of magnitude.[24] Additionally, the electronic 

structure  regulated  by  sulfonic-acid  group  adsorption  may  modify  the  EDL  structure  and 

subsequently influence the ORR intrinsic kinetics as reflected in terms of the Tafel slopes. For 

example, Shao et al. regulated the sulfonic-acid adsorption via sulfur-doping and observed a shift 

in Tafel slopes of the polarization curves from 79.1 to 88.6 mV dec -1 across MEAs with different 

doping levels.[95]  Sambandam and Ramani also found that polarization curves measured from 

MEAs employing ionomer with different equivalent weights exhibited Tafel slopes ranging  from 

80 to 90 mV dec-1 for PFSA-based systems, and from 100 to 120 mV dec-1 for hydrocarbon-based 

systems.[96] As a result, an approximate 20 mV dec-1 change in Tafel slope appears to be a 

reasonable estimate of the impact arising from the different sulfonic-acid adsorption. 

In the model, however, the above-discussed co-effects arising from sulfonic-acid group 

adsorption are not explicitly correlated, and instead are embedded in the values of low-current-

density-performance-related parameters for the exterior-Pt/ionomer interface—namely, surface 

utilization,  interfacial  Henry’s  constant,  and  Tafel  slope.  To  differentiate  the  individual 

contributions of ECSA loss, interfacial solubility reduction, and intrinsic kinetic changes to the 

overall poisoning effect, we performed a sensitivity analysis on these parameters, as shown in 

Figure 9. We consider the case of Pt/mesoporous carbon assuming that the exterior-Pt particles are 

fully  covered  by  ionomer.  Current  densities  at  0.9  V  were  determined  for  different  areal 

distributions of exterior-Pt/ionomer interface and interior-Pt interface at different levels of ionomer 

poisoning  on  the  exterior-Pt/ionomer  interface.  The  effect  of  ECSA  loss  was  evaluated  by 

calculating the true specific activity and apparent specific activity, where the cell current density 

was normalized by either the effective Pt area or the total Pt area with the area blocked by sulfonic-
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acid moieties being included (Figure 9a and b). The results show that the true specific activity is 

insensitive to the ECSA loss. The performance gains from increasing interior-Pt surface remain 

consistent regardless of how much Pt area is blocked—even up to an unrealistic 80%, suggesting 

that contribution from the site-blocking effect to the ionomer poisoning effect is trivial. In contrast, 

the apparent specific activity is more responsive to the sulfonic-acid coverage, demonstrating 

greater performance gain when Pt particles are deposited inside the pores.  Such discrepancy 

suggests  that  when  comparing  specific  activities  to  identify  the  ionomer-poisoning  effect, 

normalizing cell current density by experimentally measured ECSA is likely to underestimate the 

true specific activities, as both CO-stripping and HUPD determine ECSA after the exclusion of 

sulfonic-acid adsorption and tend to overestimate the true ECSA. On the other hand, specific 

activity demonstrates much greater sensitivity to changes in interfacial Henry’s constant and Tafel 

slope (see Figure 9c and Figure 9d). The benefit of loading Pt particles inside pores disappears 

when  the  exterior-Pt/ionomer  interface  achieves  better  ORR  kinetics  or  higher  interfacial 

solubility.  Under such conditions,  a lower fraction of interior-Pt interface leads to improved 

specific activity. 

Interestingly, while the ECSA loss has negligible effect on the specific activity, it plays a 

more substantial role in the non-Fickian transport resistance. The minimum non-Fickian transport 

resistance occurs  at  a  higher  interior-Pt  fraction as  the utilization of  the exterior-Pt/ionomer 

interface decreases. As shown in Figure 9e, a configuration with no interior-Pt interface is optimal 

for  minimizing  the  non-Fickian  transport  resistance  in  the  case  of  no  ECSA  loss  for  the 

exterior-Pt/interface. However, a 20% increase in site blocking shifts the minimum non-Fickian 

transport  resistance  to  a  configuration  with  20% of  interior-Pt  particles.  This  observation  is 

attributed to the significant dependence of non-Fickian transport resistance on the roughness factor 

in low-loaded electrodes (0.062 mg cm-2
geo); such sensitivity is expected to be more pronounced as 

the loading continues to decrease. 

To  summarize,  ionomer  poisoning  impacts  both  low-  and  high-current-density 

performance, but through different mechanisms. While previous studies correlate the suppressed 

low-current-density performance with the site-blocking effect, the associating ECSA loss does not 

quantitatively corelate to changes in performance. Instead, the underlying mechanism appears to 
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be the poorer intrinsic kinetics and lower O2 solubility at the exterior-Pt/ionomer interface that 

coming with the adsorption of sulfonic-acid moieties; a more quantitative correlation between 

sulfonic-acid  coverage  and  other  interfacial  properties,  rather  than  ECSA  alone,  should  be 

established to thoroughly unveil the ionomer poisoning effect. On the other hand, the reduced 

roughness  factor  resulting  from the  site  blockage  negatively  affects  the  high-current-density 

performance through increasing mass-transport resistance. This effect is expected to become more 

concerning as the loading is decreased either by design or degradation. 
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Figure 9. Specific activity or apparent specific activity as a function of interior-Pt fraction with 
different (a) ECSA loss, (b) interfacial Henry’s constant, and (c) ORR Tafel slopes for the exterior-
Pt/ionomer interface. (d) non-Fickian transport resistance as a function of interior-Pt fraction with 
different ECSA loss for the exterior-Pt/ionomer interface. Baseline values were determined with 
the original cell parameters for Pt/KBPO given in Table S1.
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Ink-performance correlations

While both exterior-Pt/ionomer and interior-Pt interfaces have their respective pros and cons, the 

exterior-Pt/water interface outperforms them in terms of both kinetics and O2  mass transport. 

However, in a realistic cell, a CL fabricated from only Pt supported on carbon particles to introduce 

exterior-Pt/water interfaces exhibits poor performance,[97] due to high proton resistance to the 

catalyst site in the absence of ionomer. Therefore, when tuning ink parameters to design beneficial 

local  interfaces,  one  should  expect  simultaneous  changes  in  other  CL  properties  that  may 

negatively affect cell performance. We evaluate these tradeoffs with our model framework by 

constructing  an  ink-structure-performance  roadmap,  which  helps  identify  the  performance-

determining CL properties and their correlation with ink parameters. Key CL properties across the 

scales, including thickness, porosity, agglomeration size, ionomer coverage, and effective proton 

conductivity,  are  correlated  to  ionomer  to  carbon  (I:C)  ratio  based  on  experimental 

characterizations  [8-17] (see  Figure  S6  in  Supplementary  Materials).  Given  the  quantitative 

discrepancies reported in various experimental measurements (see Figure S1, Figure S2, and 

discussions in Supplementary Materials), we aim to capture the qualitative trends in how cell 

performance responds to variations in ink parameters. The scattered experimental data are likely 

due to the dependence of these properties on other ink parameters such as primary particle loading 

[62],  ink  alcohol  content  [12,  98] ,  and  carbon  support  [99],  as  well  as  discrepancies  in 

characterization  methods  and  fabrication  processes.  However,  these  uncertainties  could  be 

addressed with broader ink studies and integrating sub-models describing ink interactions [100, 

101] and CL formation (e.g., drying process) [102]. For simplicity, we use the I:C ratio as the only 

ink parameter variable and assume Pt/solid carbon (i.e., no interior-Pt interface).

The polarization curves predicted by the model with different I:C ratios are illustrated in 

Figure  10.  At  zero  or  low  I:C  ratio,  the  performance  gain  brought  by  the  presence  of 

exterior-Pt/water interface is largely overshadowed by the poor proton conduction in the CL, 

resulting in poor cell performance. As the I:C ratio increases, e.g., from 0.3 to 0.5, the improved 

proton conduction due to the higher ionomer content facilitates better utilization of the CL and 

ECSA and thus  improved cell  performance.  Although the  simultaneously  increased ionomer 

coverage begins to poison the Pt surfaces, leading to reduced low-current-density performance, 
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this performance loss can be compensated by the continuously enhanced proton transport and 

thereby achieves better performance at higher current densities. When the ionomer content is 

sufficient  to  cover  fully  the  Pt  surfaces,  e.g.,  I:C  =  0.7,  the  cell  performance  is  somewhat 

suppressed across the entire operating current because of the lower O2 solubility and permeability 

at the exterior-Pt/ionomer interface, despite sufficiently fast proton conduction through the CL. 

Further  increasing  the  I:C  ratio  continues  to  harm  cell  performance,  with  transport  in  the 

consequent larger agglomerates becoming the primary performance-limiting factor (see Figure 4). 

Overall, a moderate I:C ratio appears to maximize the cell performance. Under this condition, the 

ionomer  content  is  high  enough to  guarantee  sufficient  proton transport  without  excessively 

poisoning the Pt surfaces and forming large agglomerates. On the other hand, if an ionomer-free 

electrode can achieve the same level of proton conduction as the ionomer-filled design, the cell 

performance can be greatly improved for low-Pt-loading MEAs (dash line in Figure 10).

Figure 10. Predicted polarization curves with different I:C ratio. The color scale bar suggests how 
CL properties at different lengthscales change with the I:C ratio. Other cell parameters are kept 
consistent with the Pt/KBPO system (parameters give in Table S1). The polarization curves were 
calculated under 80 °C, 100% RH, 170 kPa, and H2/10%O2 feed.

Summary

This study introduces a comprehensive multiscale cell-level model that integrates a modified 

agglomerate model to account for the effects of various interfacial properties, enabling detailed 

analysis of cell performance and identification of voltage loss from nanoscale to macroscale. For a 
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low-loaded electrode, mass-transport loss from the coupled agglomerate-interface-scale transport 

plays a significant role in the total voltage loss. The O2 dissolution from the CL gas phase to the 

agglomerate ionomer domain and O2 adsorption on the Pt surface influence the polarization curve 

across  the  entire  range  of  operating  current  density,  with  the  interfacial  transport  resistance 

becoming more pronounced at higher current densities. Comparisons between the three typical Pt-

electrolyte interfaces: Pt particles on the carbon surface covered by either ionomer or water film, 

and Pt particles deposited inside carbon nanopores, reveal that the exterior-Pt surface is prone to 

ionomer poisoning because of the weak O2 adsorption or reduced intrinsic ORR activity at the Pt-

ionomer interface, which limits the low-current-density performance. On the other hand, the large 

diffusion resistance near interior-Pt particles results in low interfacial permeability and negatively 

impact the high current-density performance. The presence of the exterior-Pt/water interface is 

promising for advancing both performance and mass transport; however, practical utilization of 

electrodes with only exterior-Pt/water interfaces requires novel design strategies to guarantee 

sufficient  proton transport  through the layer and thus catalyst  utilization.  For a conventional 

ionomer-filled  electrode,  the  ink-structure-performance  correlations  predicted  by  the  model 

suggest that the optimal cell performance is achieved at a moderate I:C ratio, where the ionomer 

content is sufficient to facilitate proton transport without fully covering the Pt surface, thereby 

utilizing the Pt/water interface while avoiding high mass-transport losses associated with large 

agglomerates.

Despite the model's  ability to capture key qualitative trends in PEMFC performance, 

several  limitations  remain  particularly  in  terms  of  providing  precise  quantitative  prediction. 

Scarcity  of  reliable  interfacial  parameters  in  current  literature  affects  the  accuracy of  model 

predictions and limits the model’s predictive ability to electrodes with different ionomers. While 

fundamental understandings of catalyst-electrolyte interfaces have been continuously advanced, 

knowledge from these studies may not be directly transferrable to the realistic interfaces in an 

MEA,  as  the  surface  chemistry  of  catalyst  support  and  catalyst  particle  structures  alter  the 

interfacial  behavior  in  the  catalyst  layer.  Additionally,  the  empirical  correlations  utilized  to 

establish the ink-structure-performance correlation overlook the influences of other ink parameters 

and  fabrication  processes.  This  simplification,  originated  from limited  data  on  ink-structure 

correlations, further constrains the model’s predictive capability. However, these uncertainties 
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could  be  addressed  with  broader  experimental  characterizations  of  diverse  interfaces  and 

integrating sub-models developed from emerging ink modeling and process modeling studies. 

Lastly,  the  influence  of  operating  conditions,  particularly  lower  RH,  on  multiscale  transport 

behavior requires further investigation. While adequate water content can be assumed in CL under 

saturated conditions,  water  distribution across the scales becomes complex at  undersaturated 

conditions, which affects the multiscale transport. For instance, liquid saturation in macroscopic 

pore affects gas phase transport; water activity in the ionomer phase influences O2 transport within 

agglomerates  and  at  ionomer-covered  catalyst  interface,  and  interfacial  water  impacts  the 

utilization of non-ionomer-covered catalyst. To address this, a quantitative correlation between 

water content at different scales and local RH, temperature, and pressure is essential.  Overall, 

despite these limitations, the model provides a powerful tool for fuel cell diagnostics and offers 

strategic guidance for optimizing ink formulations and electrode design.
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