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Abstract

Electrochemical impedance spectroscopy is a powerful technique used in fuel-cell diagnosis and characterization. A
low-frequency inductive behavior may appear in the fuel-cell-impedance spectrum and is believed to be related to
the electrolyte-hydration dynamics. Since water management plays a crucial role in achieving high performance,
understanding the electrolyte-hydration-related signatures of the impedance spectrum may help better interpret
experimental data and design future fuel cells. In this work, an open-source, transient, single-phase 2D model is
presented that is suitable for analyzing impedance spectra of proton-exchange-membrane fuel cells. Special care is
taken to compare the model to transient polarization, ohmic-resistance, and impedance data measured in-house. The
model reveals that the low-frequency inductive phenomenon is related to the finite-rate exchange of water between
the electrolyte and the pores. Two inductive phenomena are observed, at 0.1-200 mHz and at 0.2-5 Hz, that are
attributed to the water-transport dynamics in the electrolyte phase of the catalyst-coated membrane and in the
catalyst layers, respectively. This work also shows an ohmic-resistance breakdown study that demonstrates that the
high-frequency resistance is comprised of the ohmic resistance of the membrane and the electronically conductive
components of the cell, but does not include protonic resistance of the carbon-supported catalyst layers.
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Nomenclature

ASveranl entropy change per mole of hydrogen, J/(mol K)
N molar flux, mol/(cm?s)

n normal unit vector

H molar enthalpy, J/mol
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H, molar latent heat of water vaporization, J/mol
Horption molar enthalpy change due to water absorption/desorption by the electrolyte, J/mol

EW  equivalent weight of the electrolyte, g/ molSO;

C capacitance, F/cm3, or specific heat capacity, J/(gK)
c concentration, mol/cm?
D diffusion coefficient, cm? /s

Dy thermo-osmotic diffusion coefficient for water in the electrolyte, g/(cmsK)
F Faraday constant, ~96485 C/mol

forr fraction of the overall entropy change due to oxygen-reduction reaction

j volumetric current density, A /cm?

kx rate of absorption/desorption of water by the electrolyte, 1/s

k, rate constant for hydrogen dissolution into the electrolyte, m/s

ko, rate constant for oxygen dissolution into the electrolyte, m/s

M molar mass, g/mol

nq electro-osmotic drag coefficient for water in the electrolyte, moly,o /molg+
T temperature, K

t time, s

T molar fraction

Greek letters

K thermal conductivity, W/(cm K)

A absorbed-water content in the electrolyte, moly,o/ mdsog

10} potential, V

p density, g/cm?

o electrical conductivity, S/cm

€ volume fraction

& portion of water produced electrochemically at the catalyst-ionomer interface

Subscripts and superscripts



H, hydrogen

HoO  water

N, nitrogen

(0D oxygen

0 property at the given operating conditions

dl double layer

eff effective transport property

eq equilibrium

1 liquid water

m electrolyte phase

S solid, electronically conductive phase
tot total

v void phase (pore)

w water vapor

1. Introduction

Hydrogen-fueled proton-exchange-membrane fuel cells (PEMFCs) convert the chemical energy of the fuel into
electricity with the only bi-products being water and heat. Fuel-cell stacks and systems already meet the U.S.
Department of Energy (DoE) targets for power density, specific power, and cold start-up time*%; however, their

12l Since catalyst layers are the most expensive components of

cost and durability do not achieve the DoE goals
the large-volume-production fuel-cell stacks'*, reduction or elimination of the use of expensive catalysts, such as
platinum, is necessary to meet the targets®. Catalyst-reduction can be achieved through a substantial increase of
the cell performance via improved charge, mass, and heat transport.

A crucial strategy for improving fuel-cell performance is water management, which aims at striking a balance

between keeping the electrolyte hydrated (to support its conductivity®®) and avoiding cell flooding by product

water. Depending on the operating conditions, dynamic electrolyte hydration and liquid-water accumulation may

7HIZ |BIT0HI3

result in the appearance of hysteresis in the measured polarization curves and ohmic resistance of the cel
Since polarization and resistance curves are usually measured during either voltage or current sweeps, the dynamics
of various processes occurring in a fuel cell overlap, which complicates the transient analysis of the measurements.
Electrochemical impedance spectroscopy (EIS)14%22 allows the separation of the physical processes of different time

scales in the frequency domain and to investigate their relative importance in the overall dynamic behavior of the



system. The EIS technique has been actively used in the experimental literature to investigate, for instance, charge

1423124 T5HITIDAH26 + 1222222728

transfer , protonic resistance of the catalyst layers , and mass transpor

An interesting feature of the fuel-cell impedance spectra is the inductive behavior at high and low frequencies™®.
While the high-frequency inductance is associated with the cables used in the measurements, the nature of the
low-frequency inductive loop of fuel-cell spectra remains under debate and is a subject of a number of investigations
(see the review by Pivac and Barbir’® dedicated solely to that topic). This loop, typically appearing at frequencies

T8I20H3T

under 1 Hz, has been claimed to be affected by electrolyte hydration , intermediates of the oxygen-reduction

2029531 and carbon monoxide poisoning!®. Understanding the

reaction (ORR)MHSEZUZIT platinum oxide formation
low-frequency inductive behavior of fuel cells is thus necessary for future cell diagnosis and design.
The most common technique for analyzing fuel-cell impedance is the use of equivalent circuits to fit the exper-

L4HI9R23125126132033 - However, the fitted parameters are only valid in the neighborhood of the tested

imental spectra
operating conditions and cell composition. Oversimplification of the underlying physics may also result in a ques-
tionable meaning of the circuit elements and misunderstanding of the physicochemical phenomena behind the local
features of the impedance spectra.

In contrast to equivalent circuits, physical models can be used to generate the impedance spectra through a direct
numerical simulation of the cell. Such models have a predictive capability, which is impossible to achieve with a
fitted circuit. Due to their complexity, however, physical models have not received widespread interest. Only a few

40 models were used to investigate fuel-cell impedance, three

one-dimensional 24223436 and multi-dimensional #1437
of which®#31539 apalyzed the inductive behavior.
Setzler and Fuller®”? attributed the low-frequency inductance to platinum-oxide formation in the catalyst layers
and water accumulation in the membrane. Their isothermal model was able to predict the inductive loop observed
experimentally at a wide range of current densities; however, inclusion of heat generation partially or completely

offset the inductive behavior. Bao and Bessler=%39

showed that the inductive loop decreases under a counterflow
operation and when a thin membrane is used. They attributed the inductive behavior to the water-distribution
dynamics in the membrane. Futter et al. 3 demonstrated that the low-frequency inductance is caused mainly by
the dynamics in the catalyst-layer protonic conductivity, as well as membrane conductivity and RH-dependent local
oxygen transport resistance in the catalyst layers. Both groups attributed the inductive behavior to the dynamic
distribution of water in the electrolyte, but no in-depth parametric study of the water-transport mechanisms was
performed. Additionally, the finite-rate water uptake by the electrolyte was neglected >3840,

Recently, Schiefer et al.?Y performed an experimental investigation of the fuel-cell inductance. They attempted
to magnify the effect of hydration on the inductive loop by using a higher relative humidity (RH) in the cathode than
in the anode, but observed a reduction of the loop. They concluded that water transport was not the main cause of
the low-frequency inductive behavior as the latter was stronger when RH was low and equal in both compartments.
However, their data also showed the inductive loop increase in size when RH was reduced in the anode. It appears,
therefore, that water imbalance in the cell does have a direct effect on the inductive behavior.

In this work, the hydration nature of the inductive loop is investigated with an open-source, single-phase, transient
2D PEMFC model based on the non-isothermal steady-state model by Bhaiya et al.#%42  Two-phase transport

phenomena are not considered in this work, and all studies are performed under relatively low humidity to elucidate



and isolate the electrolyte-hydration effects in the impedance spectra. Unlike other physical EIS models3!38H0 the

model presented in this work takes the finite-rate exchange between water in the pores and in the electrolyte into
account. The performed parametric studies of the water-transport mechanisms shed light on the fuel-cell inductance
and, for the first time in the literature, unveil its relation to the water absorption/desorption kinetics in the ionomer.
The low-frequency inductive loop is shown to only appear with non-zero rates of absorption and desorption of water
by the electrolyte and when the vapor diffusion is sufficiently slow to allow for the uptake process to occur. The
RH-imbalance study of Schiefer et al.2? was revisited with our model, and it was shown to correctly predict the
trends in the strength of the inductive behavior. The ratio of the back-diffusive and osmotic fluxes of water in the
membrane and catalyst layers is shown to have a direct effect on the size of the inductive loop and even be responsible
for the transformation of that loop into an additional capacitive arc when back-diffusion is relatively weak.

The developed model was also used to dispel the ambiguity between the terms “ohmic resistance” and “high-
frequency resistance” present in the fuel-cell literature 4107806213358 - The ohmic-heating-based approach for calcu-
lating the ohmic resistance of the membrane-electrode-assembly (MEA) components introduced recently by Secanell
et al.®¥ was utilized in this work to perform an ohmic-resistance breakdown. The results indicate that the high-
frequency resistance (HFR) is comprised of the protonic resistance of the membrane and the electronic resistance of
other MEA components, as suggested by some authorst 03254 Gince fuel-cell HFR does not include the protonic
resistance of the catalyst layers, the terms “ohmic resistance” and “high-frequency resistance” should not be used
interchangeably.

Special care was taken in the model validation. Due to the large number of model parameters, using only one
type of experimental data, e.g., polarization curves, is not sufficient to validate the model. Therefore, the presented
model was thoroughly validated through transient polarization curves and ohmic-heating-based resistance at various

313800 o parameters were fitted to the

operating conditions, as well as through EIS. In contrast to other models
experimental impedance spectra, and all simulations were performed with a single set of parameters based on the
independent in-house measurements, manufacturer data, and literature.

This publication is organized as follows. The mathematical model, input parameters, and solution approach are
presented in Section Information about the experimentally tested cell and the operating conditions is given in
Section [3] Validation of the model and a set of parametric studies highlighting the role of the electrolyte-hydration

dynamics in the fuel-cell impedance are shown in Section ] The paper is then concluded with Section 5] which

summarizes the main results.

2. Mathematical model

2.1. Assumptions
The mathematical model used in this work was built upon the steady-state, non-isothermal, single-phase PEMFC
model developed by Bhaiya et al.242 The main simplifying assumptions of the model are listed below.
1. Gas mixtures were assumed to be dilute, isobaric, and ideal. Gas flow was assumed purely diffusive at the
considered operating conditions based on the recent study by Zhou et al.%,

2. The model is single-phase, i.e., liquid-water transport was neglected at the considered conditions.
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Figure 1: Computational domain of the model. Image not to scale.

3. Water transport in the electrolyte was assumed to take place in the absorbed form#1H42H45:49]

4. A single-energy-conservation-equation approach was used to describe heat transport under the assumption of
local thermal equilibrium between the gas and solid phases due to sufficiently large interfacial area of the porous
layers in the MEARIHE2,

5. The volumetric current density for ORR was computed with the double-trap kinetics model proposed by
Wang et al.50 and modified by Moore et al.’I. The dual-path kinetics model®™352 was used to compute the
volumetric current density for the hydrogen oxidation reaction (HOR).

6. In order to account for the local reactant transport resistance in the catalyst layers (CLs), a uniform distribution
of spherical ionomer-covered catalyst particles (ICCP)'BJE‘ZI was assumed in the CLs. In the ICCP model, the
reactant gases (oxygen in the cathode and hydrogen in the anode) dissolve into and diffuse through a thin layer

of ionomer before reaching the reaction sites.

Other assumptions are the same as in references®**#247%48  The main assumptions specific to the transient processes

are as follows.

1. Double-layer capacitance was assumed constant and uniformly distributed in the catalyst layers.

2. Kinetic models for ORR and HOR were assumed quasi-stationary. Transient terms describing dynamics of the
reaction-intermediate concentrations were neglected.

3. The ICCP model was assumed quasi-stationary due to the small thickness of the ionomer film (2-10 nm), i.e.,

transient terms in the governing equations of this sub-model were neglected.

2.2. Governing equations

The model represents a two-dimensional, through-the-channel cross-section of a membrane-electrode assembly
between parallel channels illustrated in Figure|l} The computational domain highlighted in dashed lines in Figure
contains a polymer electrolyte membrane sandwiched between two catalyst layers, two micro-porous layers, and two
gas diffusion layers. Channels and bipolar-plate ribs are treated as boundary conditions.

Governing equations used in the model describe: a) transport of gases in the porous media of the MEA; b) electron
transport in the gas-diffusion layers (GDLs), micro-porous layers (MPLs), and catalyst layers; c¢) proton transport

in the proton-exchange membrane (PEM) and the electrolyte phase of the catalyst layers; d) transport of water



Table 1: Source terms in the PEMFC model.

Source
GDL & MPL CCL ACL PEM
term
J
So, 0 ~iF 0 0
S 0 (1= )57 — emka 28T (req - 2) —emhy 2R (g = 3) 0
Sy+ 0 —J J 0
S, 0 j - 0
Sx 0 emkx pl;;vd\;y ( eq )\) + 57 emkx plgvd\;y (>\ A) 0
—jn+ L (_TfORRAgoverall -(1- ‘f)ﬁlv) +  Jn+ L (—T (1 - forr) Agoverall) +
2F 2F
oo (Ve - V) + o (V. - Vo) +
St ot (V6. V) 2 (Vs V) s (V9o Vo) oS (Vo - Vém)
U?n (V¢m . V(bm) + ‘7';. (V(Z)rn . Vd’m) +
Emk)\pz{% (Aeq - A) ﬁsorption emkax p!};# (Aeq - >\) ﬁsorption

absorbed in the PEM and the electrolyte phase of the CLs; and e) thermal transport in all MEA components. The

governing equations are as follows:

Evctot% — V- (¢t DE V20,) = So,, (1)

svctotagt — V- (ot DSV ) = S, (2)

*Cdl? — V- (0 V) = Sy, 3)

Cdl% -V. ( egvﬁbs) = Se- (4)

Em%% V. (ndgfwm pE\‘;\;y DSEVN + MHZO = S, (5)

% | z}: eipiCiT | — V- (kYT + | > A (N;-VH;) = S, (6)
i=—phase j=gas,

where ) = ¢5 — ¢y — Fip, is the overpotential (V) and Fy, is the theoretical half-cell potential for each reaction (V).

Mass-transport equations for nitrogen in the cathode and hydrogen in the anode are not solved and the respective
molar fractions are obtained as zn, = 1 — 20, — 2w and xp, = 1 — xy. Source terms of equations —@ are listed
in Table [I} They account for the hydrogen-oxidation and oxygen-reduction reactions taking place in the anode and
cathode catalyst layers, respectively, finite-rate exchange of water between the electrolyte and vapor, and heat sources
and sinks. The latter include irreversible and reversible heat generation due to the half-cell reactions, heat sink due
to the assumed complete vaporization of the liquid water produced in the ORR, ohmic heating, and heat generation
and consumption due to absorption and desorption of water by the electrolyte in the catalyst layers. It is assumed
that a portion of the product water is generated directly at the catalyst-electrolyte interface. This is approximated
by moving a portion of the water production term, &j¢e/(2F'), where £ € [0, 1], from the source term in equation
to the source term of the absorbed-water transport equation (hence the (1 — &) multiplier in the first term of
equation in Table .

Gas transport is only modeled in the porous layers (GDLs, MPLs, CLs), proton and absorbed-water transport



Table 2: Solution-variable domains in the PEMFC model.

Solution AGDL, ACL PEM CCL CMPL,
variable ~ AMPL CGDL
Oy v v
Tw v v v v
bm v v v
bs v v v v
A v v v

v v v v v

Table 3: Boundary conditions in the PEMFC model.

Solution variable =~ AGDL-channel AGDL-land CGDL-channel CGDL-land Symmetry
0, no flux no flux TO, = m%Q no flux no flux
Tw Tw = a:a,,a no flux Tw = zevyc no flux no flux
¢m no flux no flux no flux no flux no flux
s no flux ¢s =0 no flux ¢s = Veen (t) no flux
A no flux no flux no flux no flux no flux
T no flux T =Taland = 70 no flux T =T land = 70 no flux

is modeled in the electrolyte phase (CLs, PEM), and electron transport is modeled in the solid phase of the MEA
(GDLs, MPLs, CLs). This is summarized in Table

2.3. Initial and boundary conditions

The initial solution was pre-computed by solving equations —@ at steady state, i.e., with all transient terms
set to zero. This solution was then imported into the transient model as an initial solution at the start of the
voltage-sweep and impedance-spectroscopy simulations.

Boundary conditions are listed in Table |3] where Ven(t) is the time-dependent operating voltage and the values

47 Gaseous

with the zero superscript are computed based on the operating conditions as discussed in reference
species were not allowed to leave the domain through the GDL-land interfaces; similarly, no charge was allowed to
leave the MEA through the GDL-channel boundaries. This, along with the symmetry conditions, was described by

the no-flux boundary conditions.

2.4. Microscale catalyst-layer model

Local reactant transport resistance in the catalyst layers was accounted for by incorporating an additional sub-
model describing transport of reactants through the thin ionomer films covering spherical catalyst particles (the
ICCP model®323) This model is based on a mass balance between the reactant transport through the gas-ionomer
interface, its diffusion through the ionomer film, and consumption at the catalyst surface.

The rate of oxygen entering the ICCP through the gas-ionomer interface (in mol/s) is given by4#°3

int _ 2 o:
RS = =47 (reore + 9)° ko, (COmg\f - cOz%\f) ’



where r¢ore is the radius of the ICCP carbon-platinum core, ¢ is the thickness of the ionomer film in the ICCP com-

43153

puted from the known platinum and electrolyte loading of the catalyst layer ; CO,g|f 18 the oxygen concentration

in the ionomer at the gas-ionomer film interface, and cqu ol is its equilibrium value obtained from Henry’s law at

the given partial pressure of oxygen. The rate of oxygen diffusion through a spherical surface of area 47r? is given
by 3053
: dCQ
R, = 47r° Do, m— %,
where Do, n, is the diffusion coefficient of oxygen in the ionomer. Consumption of oxygen in the ORR at the catalyst

surface is described by4303
#(C0q ity M) As

ORR __
Ro,™ = 4F ’

where i(co, c|r; 1) is the current density computed based on the concentration of oxygen in the ionomer at the catalyst

surface co, ;- Here, Ag is the active surface area of the catalyst in one ICCP:

As

A, 4
= - core 53
1_€V37T(T +0)°,

where A, is the experimentally measured active area per volume of the catalyst layer.
At steady state, R82RR = RiO“; and R8§R = Rdoff form a system of equations for the unknown co, g¢ and
CO,cff- Integrating the ODE RS;RR = R%if from 7core tO Tcore + 0 and eliminating co, ,|f, the following equation is

obtained 433

i(coy,clf, 1) As <( 1 ) > '

COult = Orelt ™ " 16Fm  \ (reors + %0y | TeoralTeore + 8 Doy ®
Equation @ is implicit in co, ¢ and is solved using Newton’s method (the solution is accepted once the residual of
equation reaches 10712). The ICCP model allows the correction of the local current density with respect to the
local oxygen transport resistance in the cathode catalyst layer. The volumetric current density in the catalyst layer
used in the source terms of the PEMFC model (Table 1)) is computed as j = i(co,,c|r, 1) Av. Similar equations apply

for the anode side. This model is quasi-stationary and depends on time through gas concentration and overpotential.

2.5. Input parameters

The main input parameters and the relations used to compute the various material and transport properties
are listed in Tables The rest of the parameters and relations are given in the Supplementary Information
and in references®¥424048  The majority of the model parameters came from the literature, independent in-house
measurements, and the manufacturer data. The unknown parameters were modified in this work to calibrate the
model so that the predicted data were in agreement with the experiments. Those parameters are discussed next
with a special attention to the hydration-related parameters that play a central role in the ability of the model to

accurately predict the electrolyte-hydration dynamics and ohmic resistance of the cell.

Table 4: Operating conditions and geometrical parameters.

Parameter Value Details

Operating conditions




Table 4: (Continued) Operating conditions and geometrical parameters of the

cell.
Parameter Value Details
Temperature, K 353.15
Pressure, atm 1.5 50 kPa backpressure
RH 0.3, 0.5, or 0.7
Cell geometry
Land width, pm 827 Measured (optical microscope)
Channel width, pm 819 Measured (optical microscope)
MEA area, cm? 5 Controlled (inkjet printing)
Table 5: Model parameters for the catalyst layers.
Parameter Value/expression Details
Geometry and structure
Thickness, pm 2.8 (anode), 4.5 (cathode) Measured (SEM)
Porosity ey = 0.47 (anode), ey = 0.53 (cathode) Computed®
Solid-phase volume fraction es = 0.34 (anode), es = 0.30 (cathode) Computed?®
Ionomer-phase volume fraction em = 0.19 (anode), em = 0.17 (cathode) Computed®
Primary-particle radius, nm rp = 39.5 Manufacturer®4
Gas transport
i ivi 1 _ _1 1 55
Gas diffusivity D= Doo + Dr Ref.
Molecular diffusivity of gases Chapman-Enskog theory Refs. 59406
Knudsen diffusivity Dk = QTTK \/ %rRT? Ref.b2
Knudsen pore radius TK =Tp (1.666‘1,'65 + 0.289) Refs, 5708
1.9
D(25502) 7, e > 0.05
Effective gas diffusivity Deff = ’ Refs. 57558
0, 0<ey <0.05
Electrolyte hydration and absorbed-water transport
[6.932aw — 14.53a2, + 11.82a3 ]
. . _ . b
Sorption isotherm, molH2o/m01SO3, Aeq = -exp (_2509 (% — ﬁ)) , 0<aw<1 This work
22, aw > 1
01l 20000 1 1
D =544 107°fy 51 exp [ R (% N ?)} ’
Back-diffusion coefficient for absorbed AV 11 Aeq M EW Refs.B%60 this workP
where fy = Y V= 22y, =
water, cm? /s i Ve + AV " 1 ¢ Pm, dry
exp (0.7647AZ3%5 ), Aeq,corr < 1.209
Olnay 3.266 + 2.930 [exp ( ~6.735
1 - _
Darken factor O1n Aeq -(Aeq, corr — 1-209)>\eq?};8c?34) — 1], Computed from
Aeq, corr > 1.209 sorption isotherm®
here A A 2509 ! !
where = ex - _
eq, corr = Aeq XD T 30315
Electro-osmotic drag coefficient for ab- ngq = % Ref. 146

sorbed water, mol, o /moly+
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Table 5: (Continued) Model parameters for the catalyst layers.

Parameter

Value/expression

Details

Diffusion coefficient for the thermal os-

Dy =—1.04-10"*exp (—2382)

Ref 61

mosis of absorbed water, g/(cmsK)

Fx = 72 f exp [20000 (1 1))

Rate of water absorption/desorption 4.59-107% cm/s, A < Aeq, Ref.B9 this workP
where a =

by the electrolyte, 1/s 41.31-1075 cm/s, A > Aeq

Portion of ORR water produced in the £ = 0.03 This work®
electrolyte phase
Charge transfer
om=(—8-107%+7.5-10"%w — 6.375 - 10~ %w?
6248 1 1
+1.93-107"w?) exp [? (E - f)} ,
Proton conductivity, S/cm 100 (—0.1254 4 0.1832) — 0.00865A + 0.000094A%) , Refs (02
where w = 0<A<13
100, A>13
Effective transport properties in the Q°ff = eL6Q Refs. 4142162
electrolyte phase
Electron conductivity, S/cm os = 88.84 Refs. 4147048
. . s (5570.12>27 > 012
Effective electron conductivity agff = 0.88 Ref .47
0, 0<es <0.12
Volumetric double-layer capaci- 54 Measured (cyclic
tance, F/cm3 voltammetry)
Thermal transfer
Effective thermal conductivity, 2.7d Ref.[63
mW/(cmK)
ICCP sub-model parameters
ICCP film thickness, nm 6.4 Computed®
ICCP oxygen-dissolution rate con- ko, =4.7- 10—4 This work®
stant, m/s
ICCP hydrogen-dissolution rate con- kg, = 10-1 Ref .43
stant, m/s

2 Computed from catalyst and ionomer loading.

b Adopted from the cited literature and modified for the simulated dynamic HFR response to match the in-house experimental data.
See the details in the text.

¢ Estimated based on the simulated and experimental HFR dynamics. See the details in the text.

d Assumed constant value measured by Khandelwal and Mench®3 and within the range reported by Burheim et al.64,

¢ Estimated based on the simulated and experimental limiting current density with 1% oxygen. See the details in the text.

Table 6: Model parameters for the Nafion® NR-211 membrane.

Parameter Value/expression Details

Thickness, ym 25 Manufacturer

11



Table 6: (Continued) Model parameters for the Nafion® NR-211 membrane.

Parameter Value/expression Details
2436
3.10 - 103X (exp(0.28)) — 1) exp {f— , 0<A<3
Back-diffusion coefficient for absorbed Dy =3.2- ’5436 Ref. 03l this work?
.10~ 4 — o
water, cm?/s 4.17-107*X (161 exp(—A) + 1) exp { T } , A>3
Electro-osmotic drag coefficient for ab- ngq = % Ref. 146
sorbed water, mol, o /moly+
Diffusion coefficient for the thermal os- D = —1.04- 104 exp (— %) Ref 61
mosis of absorbed water, g/(cmsK)
om = (0.020634 + 0.01052X — 1.0125 - 10~*)?)
Proton conductivity, S/cm 6248 / 1 1 Refs. 66467
e 222 =
* { R (303 T)}
Thermal conductivity, mW/(cm K) 1.5P Refs. 63168

@ Adopted from the cited literature and modified for the simulated dynamic HFR response to match the in-house experimental data.
See the details in the text.
b Assumed constant value within the range reported for the dry Nafion® by Khandelwal and Mench®3 and for the hydrated Nafion® by

Burheim et al.68,

Table 7: Model parameters for the gas-diffusion layers (SGL 29BC).

Parameter Value/expression Details

Thickness, um 192 (uncompressed), 109 (compressed)® Manufacturer©?,

ref. ™ this work
Porosity 0.89 (uncompressed), 0.81 (compressed)® Manufacturer?,

ref. ™ this work

Molecular diffusivity of gases Chapman-Enskog theory Refs. 125006

D<7gv—°-12)2 ey > 0.12

) v . B

Effective gas diffusivity (in-plane)P Deff = 088 Refs.BTTL

0, 0<ey <0.12

4.9

D <5v(;gé12) . ey >0.12
Effective gas diffusivity (through- D°ff = ’ Refs. 571
plane)P 0, 0<ey<0.12
Effective electron conductivity (in-  180°¢ Manufacturer'6?
plane), S/cm
Effective electron conductivity  3.75¢ Manufacturer©2

(through-plane), S/cm

RS = —7.166 - 10 OT3 + 2.24 - 107 2T — 0.237T¢ + 20.1,
Effective thermal conductivity (in- Refs. 41442
plane), W/(mK)d where Tc =T — 273.15

H?E = M(Tc)ff'fg, where
Effective ~ thermal  conductivity M (Tc) = — 1.495-1071TE +2.601-107°T4 — 6.116 - 107378  Refs A2

(through-plane), W/(m K)4 —9.829-107%T2 +8.754 - 10~ 4T + 0.0664

& Computed compressed values based on the SGL 29AA GDL data from the manufacturer® using the approach discussed in the

Supplementary Information
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b Taken to match the in-plane diffusibility DeH/D of SGL 29BA GDL measured by Xu™ and to account for the fact that the through-

plane diffusibility of GDLs is typically half of that in the in-plane directionZ42,

¢ At 1 MPa, of compression'®?,
d Fitted by Bhaiya et al. 4182 to the experimental data for Toray® TGP-H-120 GDLs¥7, The produced thermal conductivity is

similar to that computed for the compressed SGL 29AA GDLs based on the manufacturer’s data'®? (see Supplementary Information).

Table 8: Model parameters for the micro-porous layers (SGL 29BC).

Parameter Value/expression Details
Thickness, ym 37 Ref.l0
Porosity 0.58 Measured (MIP)?
Gas diffusivity L= Diol + Dl—K Ref.55
Molecular diffusivity of gases Chapman-Enskog theory Refs. 52556
Knudsen diffusivity Dk = QTTK SﬂR—A}; Ref.b2
Knudsen pore radius, nm 56 Measured (MIP)®

. o D(M)m, £y > 0.05
Effective gas diffusivity Deff = 0-95 Refs.57H58b

0, 0<ey <0.05

Effective electron conductivity (in- 121¢ Manufacturer®?,  this
plane), S/cm work
Effective electron conductivity  0.95°¢ Manufacturer®® — this
(through-plane), S/cm work
Effective thermal conductivity (in- 4.5 (0.315‘2, — 0.6ev + 0.36) This workd
plane), W/(mK)
Effective thermal conductivity 4.5 (—0.22¢2 + 0.22¢, — 0.01) This workd

(through-plane), W/(m K)

2 Based on the raw mercury-intrusion porosimetry (MIP) data from another publication from our laboratory™. Pore-size distribution
(PSD) of the MPL was found by subtracting the PSD of SGL 29BA GDL samples from SGL 29BC GDL-MPL samples.

b Assumed same expression as in the stochastically reconstructed catalyst layers®®28 due to similar microstructure.

¢ Computed compressed values based on the SGL 29AA GDL and SGL 29BC GDL-MPL data from the manufacturer®, See the
approach in the Supplementary Information. The artificial anisotropy of the MPL may be attributed to the composite sub-layer that
exists at the GDL-MPL interface™6 which is affected by the alignment of the GDL fibers in that region.

d Fitted in this work with R2 > 0.989 to the thermal conductivity of the stochastically reconstructed MPLs reported by Zamel et al. 77,
Valid for e, € (0.47, 0.78).

2.5.1. Water uptake by the electrolyte in the catalyst layers

Mathematical models of PEMFCs available in the literature primarily use sorption isotherms measured for the

TS0 5 A0S )

electrolyte membranes (see, for instance, . Those isotherms often do not contain temperature

TTI78H8A

correction , which may limit their applicability at different operating temperature and in non-isothermal

S5HI1

applications. Moreover, a number of studies suggested that the water uptake in the catalyst layers and ultrathin

Nafion® films is suppressed compared to bulky membranes at the same temperature and RH conditions. Water

uptake similar to that in the membranes was also observed 420793l

2]

The experimental uptake data for catalyst layers and pseudo catalyst layers were fitted in this work in order

to obtain a relation for computing the equilibrium water content .4 in the electrolyte phase of the fuel-cell catalyst
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layers. The final water-uptake relation had R? of at least 0.990 and is given in Table

The detailed information about the fitting process and the plot of the experimental data and the fitted uptake
curves are given in the Supplementary Information The sorption isotherm shown in Table [5] can be used to model
vapor-equilibrated water uptake in the catalyst layers of fuel cells at 25-80 °C and produces reasonable sorption

isotherms (in terms of the shape of the curve) at the temperature values up to 120 °C.

2.5.2. Absorbed-water diffusivity in the electrolyte
Catalyst layers. The diffusion coefficient for water absorbed into the electrolyte of the catalyst layers was computed

through the Darken factor and the diffusion coefficient of water related to the chemical-potential gradient®/6046554

Olnay
D =
AT Ol M
Darken factor
where
20000 [ 1 1
D, = (== 8
M Oé,\fvexp[ R <303 T)}’ (8)
ay (cm?/s) is a constant prefactor treated as a fitting parameter,
AV
- v 9
fV Vo + )\Vw7 ( )

is the volume fraction of water in the electrolyte, Vi, is the molar volume of water, and V is the molar volume of the

dry electrolyte. These molar volumes are given by

M,
VW = 20 5
P1
where p; is the density of liquid water and
EW
V.= .
Pm, dry

Ge et al.®? measured the water flux across the catalyst-coated membrane in an in-operando cell and estimated
the absorbed-water diffusivity prefactor ay to be 2.72 - 10~° cm?/s. However, they assumed infinitely thin catalyst
layers, and thus the given value may not be representative of the back-diffusion of water in either membranes or
catalyst layers. Moreover, electro- and thermo-osmosis were neglected, which might have affected the estimated
water diffusivity.

In this work, an a; value of 5.44 - 1075 ¢cm? /s was found to provide a sufficient agreement with the experimental
resistance dynamics. The effect of the absorbed-water back-diffusion coefficient on the dynamic behavior of fuel cells

is analyzed later in this work.

Membrane. Motupally et al.® provided a relation for the diffusion coefficient of water absorbed into the membrane

AZHANTA8I - Ge et al.?? estimated a higher diffusivity when

that was commonly used in later modeling publications
the finite-rate exchange between the water in the ionomer and in the pores was accounted for (it was neglected by
Motupally et al.). However, as discussed earlier, the simplifying assumptions made by Ge et al. might have affected
their estimated hydration parameters. In this work, a scaled version of the electrolyte-water diffusion coefficient

proposed by Motupally et al.%® was used (shown in Table @ A constant factor of 3.2 was introduced to scale

the back-diffusion of water in the membrane in order to match the experimental resistance dynamics. Analysis
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of the effect of the absorbed-water diffusivity in PEM on the fuel-cell dynamics is shown later in this work. The
detailed analysis of the water uptake by Nafion® membranes and the related water diffusivity can be found in the

Supplementary Information

2.5.3. Kinetics of water absorption and desorption by the electrolyte

The absorption/desorption rates for the electrolyte water were calculated using?=+"
Qlabs/des 20000 [/ 1 1
ky=—"— — (= —-=1, 10
AT T L fVEXp{ R \303 T (10)

where qups/des (cm/s) is the rate constant for absorption (A < Aeq) or desorption (A > Aeq).
The interfacial electrolyte-water transport rate caps/des Was reported to vary between 107% and 107! cm/s de-

93195

pending on relative humidity, temperature, and thickness of the ionomer These values may not all be valid for

the water absorption/desorption kinetics in the catalyst layers since they were obtained for relatively thick, uncon-

93195 92193

strained electrolyte membranes or for thin films deposited on metals and quartz crystals instead of carbon.
The absorption/desorption rates of water by the electrolyte in a fuel-cell MEA were experimentally estimated by
Ge et al.®? to be 1.14 - 107° e¢m/s and 4.59 - 1075 cm/s, respectively, with an Arrhenius-type temperature correc-
tion. However, a recent transient-modeling publication by Goshtasbi et al.1¥, who used the absorption/desorption
coefficients from Ge et al., showed a 100% deviation from the experimentally measured 10-kHz impedance of the
cell. Therefore, these coefficients were treated as fitting parameters in this work, using the values reported by Ge et
al.®? as the baseline. The values of the absorption and desorption rates estimated from the experimental resistance
dynamics were 4.59 - 107° c¢m/s (about 4 times higher than in reference®) and 41.31 - 1075 cm/s (9 times higher),

respectively. A parametric study on the electrolyte-water-exchange rates is shown later in this work.

2.5.4. Amount of water produced electrochemically directly in the electrolyte phase

Since the catalyst surface is at least partially covered by the electrolyte in the catalyst layers, it is reasonable
to assume that some water may be produced at the catalyst surface under the ionomer film, into which it is then
directly absorbed. The amount of water that may directly enter the ionomer has not been measured experimentally.
The simulations exhibited high sensitivity, especially in the predicted ohmic resistance, to the amount of water set
to be produced in the electrolyte phase. In this work, a good agreement with the experimental resistance data was
achieved when 3% of water was assumed to be produced in the electrolyte phase.

An order-of-magnitude analysis of the ORR~water-production and the water-absorption source terms? shows
that the rate of water absorption from the gas phase is up to 4 orders of magnitude lower than the rate of the
electrochemical production of water depending on the current density. It is reasonable to expect that there exists
some resistance to the uptake of the water that was produced electrochemically at the catalyst-ionomer interface.
Such resistance may be approximated by introducing a rate constant to the water-production source term in the
electrolyte. That rate constant is not known experimentally, and it was assumed in this work to have the value of unity.
The small amount of water set to be produced inside of the electrolyte to match the experimental resistance curves

can be explained by the shown difference in the order-of-magnitude of the ORR-water production and absorption
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from vapor, as well as the absence of a limiting rate constant.

2.5.5. Local oxygen-transport resistance in the catalyst layers

The experimental value for the oxygen-dissolution rate constant ko, used in the ICCP model can be estimated
by fitting the oxygen-transport resistance and limiting current density 9%, Previously, Secanell et al.%# found ko,
to be 1072 m/s using a steady-state PEMFC model similar to what is described in this publication. In this work, the
value of this rate coefficient was estimated by comparing the experimental and numerical limiting current density

with 1% oxygen supply. The resulting value of ko, was 4.7 -107* m/s.

2.6. Solution approach

The model presented in this work was implemented in the in-house, open-source software for fuel cell modeling,
OpenFCSTY™98 For the temporal discretization, implicit Euler method was used with a constant time step of 0.25 or
1 s in the polarization-curve simulations and with an automatic time-stepping based on Richardson extrapolation?10V
with a relative solution-error tolerance of 10~2 in the EIS simulations. Spatial discretization was performed using
the finite-element method with second-order Lagrange shape functions and 16,350 degrees of freedom (2,725 mesh
nodes). The nonlinear problem was linearized with Newton’s method and a relative solution-error tolerance of 10~*
was used. Time-step-size and mesh-independence studies were performed to ensure the numerical accuracy of the
solution.

Polarization-curve simulations were performed by applying 2 to 3 voltage sweeps at 0.44 mV /s (equivalent to the
experimental voltage steps of 20 mV each 45 s). A computationally efficient EIS approach proposed by Besslert™! was
used to simulate impedance spectroscopy. The DC solution was obtained by performing a steady-state simulation.
Then, a rapid linear ramp of 1 mV over 10~ s was applied in voltage at ¢ = 0, after which the voltage was held
constant. Voltage and current density were recorded with the time-step size gradually increasing by 0.1% between
the time layers from 1071° to 10° s until the time ¢ = 10'° s was reached. A non-equispaced Fourier transform

1102 was performed on both voltage and current-density data, and the ratio of their

suggested by Wiese and Wei
Fourier transforms was computed to give impedance. This approach allows the extraction of a whole impedance
spectrum (in this work - at 1076-10% Hz) from a single simulation, which reduces the computational time compared
to the conventional sine-wave-based EIS approach, where the spectra are obtained frequency-by-frequency. The
rapid-EIS approach was validated by Bessler™ and shown to produce the same spectra as the sine-wave approach.

A similar study was performed in this work to validate the implementation of the rapid-EIS approach and the Fourier

transform and is shown in the Supplementary Information

2Production of water in ORR:

j i 1 A/cm?
1 mol, - /molg,0 107% ¢cm 105 C/mol, -

= -0 =0(0.1 1 3s);
29F  2LoLF ) (0.1) moly,o/(cm®s);

Absorption of water by the electrolyte:

07%cm?/s 1g/cm3
10-4 ¢cm 102 g/mol, . —
g/molgq,-

ka S m T 1
c iw(%q_,\) ) (0.1

Mol EW 1 moleo/mOISOS) =0 (10—5) molg,o/(cm?s).
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The simulation time varied between 8 and 27 hours for the polarization-curve simulations depending on the
voltage range, time-step size, and the number of the performed sweeps. Each EIS simulation took 2 to 4 days. All

simulations were performed in parallel using 4 threads of Intel® Xeon® E5-2690 v2 CPU at 3.00 GHz.

3. Experiment

3.1. Fuel cell fabrication

The membrane-electrode assemblies were manufactured by inkjet-printing following the protocol described in
references?@103104 - A mixture of 37.5 mg of 40 wt% Pt/C catalyst (HySa-K40 on Ketjenblack® EC300J, HyPlat),
37.3 ml of Nafion® ionomer solution (Liquion 5 wt% LQ-1105, Ton Power), 1.9 ml of 2-propanol (99.5%, Fisher
Scientific), and 1.6 ml of propylene glycol (99.5%, Sigma-Aldrich) was prepared to obtain a catalyst ink with a
30 wt% Nafion® loading. The 5-cm? catalyst layers were directly deposited on a 25.4-um thick Nafion® membrane
(NR-211, TonPower) with a commercial piezoelectric inkjet printer (Fujifilm Dimatix DPM-2800). Catalyst loading
was controlled by means of the number of the printed layers on the membrane. For the cathode side, a loading of
0.15 mgp, /cm? was used. Once the CCL was printed, it was left to dry overnight before printing the ACL. The
anode side had a catalyst loading of 0.10 mgp,/cm?. Each printed layer was inspected in an optical microscope to
ensure there were no major cracks. Scanning-electron microscopy (SEM) was also used to verify the uniformity of
the catalyst-layer structure.

Catalyst-layer thickness was measured from the cross-sectional SEM images. The average thickness was 4.50 £
0.19 um for the cathode side and 2.81 £ 0.11 pm for the anode side. The catalyst-coated membrane (CCM) was
sandwiched between two 5-cm? SGL 29BC carbon-paper layers (GDL and MPL, Sigracet) and two graphite bipolar
plates with a parallel-channel configuration. Rigid, 150 um-thick PTFE gaskets were used to control the diffusion-

media thickness and to seal the cell to avoid gas leakage.

3.2. Electrochemical characterization

A Scribner 850e test station and a Bio-Logic SP-300 potentiostat were used to carry out the electrochemical
characterization of the cell. First, the cells were conditioned at 80 °C with hydrogen and air at 80% RH for 16 one-
hour-long steps from 0.1 to 5 A with 30-second OCV intervals between each step. Before each test, a preconditioning
was performed at the given operating conditions by holding the cell voltage at 0.6 V for 30 min.

Electrochemical surface area (ECSA) was calculated by the means of cyclic voltammetry (CV) at 30 and 80 °C us-
ing fully humidified hydrogen and nitrogen as the anode and cathode gas supply, respectively. The hydrogen-
adsorption and desorption peaks (between 0.05 and 0.4 V) resulted in an ECSA of 58.1 & 9.5 m3, /gp, based on the
measurements of three cells. The double-layer capacitance baselines were computed from the non-faradaic process

region of the CV (between 0.3 and 0.6 V) following the methodology in reference™’>

. The measured double-layer
capacitance value was 24.1 + 1.2 mF /cm?.

Polarization curves were obtained at 80 °C using hydrogen in the anode and 1, 10, 21, and 100% oxygen-in-
nitrogen mixture in the cathode, with both streams humidified to 50 and 70% RH. The gas-flow rates were fixed
at 0.2 and 1.0 slpm for hydrogen and oxygen, respectively, resulting in stoichiometry of 4.5-4.8 (Hs) and 0.4—48

(O2) at 1 A/cm?. In all tests, a backpressure of 50 kPa was applied and controlled by an automatic backpressure
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regulator (Scribner 850BP). The scans were performed with the Scribner test station in the potentiodynamic mode
from OCV to 0.05-0.2 V in 20-mV steps every 45 s and verified with 0.44 mV /s scans with the Bio-Logic potentiostat.
Current-interrupt-based resistance was measured during the experiments performed with the Scribner station.

The EIS tests were performed in the galvanodynamic mode by applying a sinusoidal perturbation with an am-
plitude of 3-4% of the current for a frequency range of 100 kHz—0.1 Hz. The spectra were measured at 0.1, 0.4,
0.7, 1.0, and 1.4 A/cm? holding the desired current for 3-5 min before each test to let the cell stabilize and to
minimize voltage drift. After the data were gathered with increasing current between the tests, the experiments
were repeated in the reversed order to ensure no significant polarization-hysteresis effect on the impedance spec-
tra. The impedance-spectrum and polarization-curve data were verified for consistency by comparing the measured
voltage-current relationships.

Linearity of the measured spectra was checked with the Kramers-Kronig test, which is also used as a test for

stability and causality of the analyzed system1107  The Kramers-Kronig relations allow to reconstruct the real

part of impedance from its imaginary part and vice versalUS107.

- 2 m(Z(&
Re(Z = lim Re( — do, 11
o(2(w)) = Jim Re(z(@)+ 2 [ZZEE 0 (1
0

[ wRe(

2 w Re(
Im — dow 12
(2w =2 [ (12

0

Residuals between the original and the reconstructed impedance were defined as07

IRe(ZA(w))A— Re(Z(w))|
1Z(w)]

5Re(w) = ) (13)
IIm(ZA(W))A— Im(Z(w))|
1Z (w)]

Note that the Kramers-Kronig relations and require integration over frequencies ranging from 0 to co. The

Otm (w) = (14)

maximum relative difference between the original and the reconstructed spectra was under 9%, which was considered
sufficient given the constrained frequency range used in the experiments.

All measured spectra exhibited a high-frequency inductive behavior due to cables and were inductance-corrected.
The high-frequency portion of each spectrum with positive imaginary impedance values was first fitted with an
impedance of an inductor-resistor circuit using the Bio-Logic EC-Lab® software. Then, impedance of an inductor
with the fitted inductance of 11.6 £ 0.3 nH was computed for the whole frequency range and subtracted from the

original data.

3.3. Effect of oxygen concentration and stoichiometry on fuel-cell impedance spectra

Bipolar plates with a parallel-channel configuration were chosen as they allow to limit the number of the mod-
eled dimensions to two by considering a cross-section of the cell instead of its full three-dimensional geometry®>>
Depending on the goals of the study, either along-the-channel or through-the-channel models can be used®®. Along-

S1I38HA0IRTITOSIT00

the-channel models account for the reactant depletion and water accumulation along the parallel

channels of the flow field, but are unable to predict the channel-land interaction, which may be significant in fuel
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Figure 2: Effect of the cathodic flow composition and rate on the impedance spectrum at 1 A/cm?: (a) Nyquist plots and (b) Bode plots
of the imaginary part. Oxygen stoichiometry was about 4.1, 10, and 41 in air and 48 in the pure-oxygen case. The cell was operated at

80 °C, 50% RH, and 1.5 atm.

4245HIBIILINIZ 5pcluding the model in this work, have been devel-

cells1Y. A number of through-the-channel models
oped in the past relying on the concept of a “differential cell”’. It is believed that under the “differential” conditions,
i.e., high flow rates with stoichiometry above 10, the variation in the reactant concentration and water accumulation
along the parallel channels of the cell are eliminated®. These conditions allow to analyze the performance of the
MEA independently of the flow field and thus are ideal for through-the-channel models as those do not take the
along-the-channel dimension of the cell into account.

In this work, the experimental cell was initially operated with a humidified hydrogen flow in the anode channel
at 0.2 slpm (stoichiometry of 4.8 at 1 A/cm?) and a humidified air flow in the cathode channel at 0.4 slpm (oxygen
stoichiometry of 4.1 at 1 A/cm?). Under such conditions, a second capacitive arc was observed in the impedance
measurements, which the model failed to predict with any given set of input parameters: no variation in the mass,
heat, or charge-transfer parameters induced that additional impedance arc. The appearance of an additional capac-
itive arc in the fuel-cell impedance spectra has been attributed to along-the-channel mass transport in the modeling

literature 138439

, and so the experiments were repeated with higher cathodic flow rates. The second arc of the mea-
sured spectra shown in Figure [2| decreased with an increase in the cathode flow rate, confirming the relation of the
arc to the along-the-channel transport. The arc, however, did not disappear even when oxygen-in-air stoichiometry
was increased to 41 at 1 A/cm?. The inability to eliminate the channel effects is in agreement with the results of a
numerical study by Balen™3 that showed oxygen depletion and water vapor accumulation along the fuel-cell channel
in a parallel-channel configuration even at stoichiometry as high as 10.

An appropriate choice of the operating conditions had to be made in order to obtain experimental data with
which the model could be validated, and thus all impedance spectra in the validation section of this work have been
measured with a pure oxygen supply in the cathode. Passing pure oxygen through the cathode channel at 1 slpm

resulted in a stoichiometry of about 48 at 1 A/cm?.

The along-the-channel arc was minimized in the obtained
spectra, as illustrated in Figure [2] at 1 A/cm?, where the simulated spectrum is also shown for comparison.
The observations made above indicate that achieving operation close to the “differential” mode might require a

stoichiometry significantly exceeding the recommended minimum value of 10 (see reference®). Since the “differential”
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mode was not possible to achieve in our laboratory with the air flow, pure oxygen was used to ensure the experimental

EIS data were gathered under the conditions suitable for validating the model in use.

4. Results and discussion

4.1. Model validation

Experimental and simulated polarization and ohmic-resistance curves at varying oxygen concentration are shown
in Figure The ohmic resistance was measured using the current-interrupt and EIS techniques, and thus only
contained the high-frequency portion of the resistance. Ohmic resistance was computed in the model through ohmic

heating as*3H4

R= s [@V00 60+ 0uTon - ou) av (15)
where i is the current density in A/cm?, A is the in-plane area of the cell, and V is the volume of the integration
domain. For that, only the membrane, gas-diffusion layers, and micro-porous layers were included in the resis-
tance calculation carried out with equation as the resistance of only those layers is believed to comprise the
HFR1OAEE28A The electronic resistance of the catalyst layers was also included in the resistance calculation, but was
negligible compared to the ohmic resistance of other components. Contact resistances were not directly considered in
the model as the overall agreement with the experimental resistance (shown later) negated the necessity of modifying
the conductivity values of the cell components. The experimentally measured contact resistance between the MEA
components was about 1.3 mf2 - cm? with the additional resistance of the bipolar plates and the current collectors
of approximately 8.7 mf2 - cm?.

The experimental current-interrupt-based resistance is known to overestimate the EIS-based HFR%%, Therefore,
the model’s ability to predict the ohmic resistance of the cell was validated with the experimental HFR values.
Agreement within about 3% was achieved between the experimental EIS-based HFR and the simulated ohmic-
heating-based equivalent. The latter will also be referred to as HFR in this work.

Oxygen content in the cathode channel prior to humidification was varied between 1% and 100%. As mentioned
earlier, the 1% oxygen case was used to estimate the local oxygen transport resistance in the catalyst layers (i.e.,
the ko, rate constant), and the 100% oxygen case was used to estimate the hydration-related parameters (absorp-
tion/desorption rates, absorbed-water-diffusivity prefactor, and the amount of water produced in the ionomer phase).
The current density was limited to about 1.8 A/cm? in the latter case to avoid flooding of the cell with product
water.

Good agreement was achieved in both limiting current density at 1% oxygen and the HFR at 100% oxygen. The
drop in the resistance due to electrolyte hydration was similar between the model and the experiments. It can be
seen as well in Figure that the predicted HFR remained the same at the same current density when the oxygen
content in the cathode channel was varied unless mass-transport limitations were observed. This is as expected since
the rate of water production, and thus the rate of the electrolyte hydration, should be approximately the same at
the same current density. The observed agreement with the experimental data validates the model’s capability to
predict single-phase mass transport losses and hydration of the electrolyte.

Even though only the first full sweep is shown in both the simulated and the experimental data, two to three sub-

sequent sweeps have been performed in all cases, both simulated and measured, to ensure no drift in the performance
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Figure 3: Comparison of the simulated and experimental polarization (a) and HFR (b) curves with varied oxygen content in the cathode
channel (prior to humidification). Only the first sweep is shown. Error bars in the experimental data represent standard deviation

estimated from three tested cells. The cell was operated at 80 °C, 50% RH, and 1.5 atm.

or the resistance between the sweeps. This was important in the experiments to make sure the cell was correctly
conditioned prior to the experiment and no transient history, such as hydration, affected the measurements. In the
simulations, no drift between the sweeps meant that the time scales of the major cell responses were correct and the
stable performance was achieved within one sweep, as seen in the experiments.

The predicted polarization-curve hysteresis was significantly lower than that observed in the experimental data;
its largest magnitude varied between 10 and 40 mA /cm? at 0.7 V in the simulations, but was 130-200 mA /cm? in
the experimental data. The simulated resistance hysteresis, however, was similar to the experiments, e.g., depending
on the oxygen concentration, hysteresis magnitude was 1-4 mQ-cm? at 0.75 A/cm? in the model and 1-3 m§2-cm? in
the experimental data. Therefore, the larger polarization hysteresis in the experimental data in Figure was
not associated with the HFR hysteresis. The model also overpredicted the cell performance at the intermediate
oxygen contents (10% and 21%). The discrepancies in the predicted performance and polarization hysteresis at these
oxygen contents may be because it was not possible to achieve a high enough flow rate in the experiments to avoid
the additional mass transport losses due to the oxygen depletion and liquid water accumulation along the parallel
channels. In addition to the along-the-channel effects, this may have been a result of neglecting, for instance, the
transient terms in the reaction kinetics sub-model, e.g., in the formation of the platinum oxides that may also lead to

151 used in this work predicts the reaction order (with respect to

hysteresis. Furthermore, the double-trap ORR mode
oxygen) of about 0.3-0.5, which is significantly lower than the experimentally measured order of about 0.8—120115110
and affects the dependency of the simulated current on oxygen concentrationmﬂ Liquid-water formation in the MEA
may have also been the reason for the observed performance discrepancy™ 4.

Next, the model’s ability to predict the changes in the ohmic resistance with RH was verified by comparing the

simulated polarization and HFR curves to the experimental data obtained at 50% and 70% RH with 21% oxygen. The

11

b A more advanced multi-step ORR model presented recently by Jayasankar and Karan®8 is able to predict the correct reaction order.
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Figure 4: Comparison of the simulated and experimental polarization (a) and HFR (b) curves with varied RH. Only the first sweep is
shown. Error bars in the experimental data represent standard deviation estimated from three tested cells. The cell was operated at

80 °C, 50% RH, 1.5 atm, and 21% oxygen in the cathode flow (prior to humidification).

comparison with the experimental data is shown in Figure [4] The resistance drop with increased RH in Figure
was similar to that in the experiments. The predicted resistance hysteresis also remained similar to that in the
experimental data. Apart from the along-the-channel and liquid-water effects that the model could not capture at
the current density approximately above 0.75 A /cm?, it can be seen from Figurethat the performance predictions
are in reasonable agreement with the experimental data. Interestingly, simulations showed that the 70% RH case
had more mass transport losses compared to the 50% RH case; this trend was opposite to that observed in the
experiment, which strengthens the hypothesis that liquid water might have played a role at high current density. A
lower limiting current density was achieved due to the lower oxygen content in the cathode after the humidification.

Finally, predicted and measured impedance spectra were compared in the pure-oxygen case at varying current
density. This validation was conducted with the same, single parameter set that was used in the simulations shown in
Figures[3]and [l making it the second independent validation of the model with a different type of transient analysis.

The rapid EIS approach discussed earlier was used to compute the impedance spectra. Since the model was
operated in the potentiodynamic mode, the cell voltages producing the current densities from the EIS experiments
were found in the model, and the spectroscopy was simulated at those potentials. The magnitude of the perturbation
was chosen sufficiently small in both the experiments and the model so as not to deviate significantly from the
operating point and to ensure the linearity of the dynamic response, and, at the same time, not too small to
avoid large noise-to-signal ratio. Thus, the approaches taken in the measurements and the simulations were assumed
equivalent, even though obtained through different modes (galvano- and potentiodynamic). Linearity of the simulated
spectra was verified with the Kramers-Kronig relations and . Relative residuals defined in equations
and were below 1% for the simulated and the reconstructed spectra.

The simulated and the experimental spectra are shown in Figure [5| along with the respective polarization and
HFR curves. A good overall agreement was achieved in the impedance spectra in the current-density range between

0.1 and 1.4 A/cm?. A significant deviation was, however, observed between the simulated and the measured spectra
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in the high-frequency portion, where the spectrum is known to be associated with the double-layer and electrolyte-

LTEL9I26530034538] - Parametric studies on the hydration-related parameters discussed later in this

conductivity dynamics
work show that water management has a significant effect on the impedance spectrum at high frequencies. At the
same time, varying the double-layer capacitance in the model resulted in no change in the Nyquist plot (Figures
and , but the halved capacitance shifted the capacitive peak in the Bode plot (Figure and closer to
the experimental frequencies. This may indicate that the double-layer capacitance measured in a cyclic-voltammetry
experiment at 100% RH may be an overestimation due to the RH-dependent catalyst-ionomer interfacial area™ 7118,

The simulated spectra shown in Figure deviated from the experimental data at high frequencies (of order 100 Hz
and higher), and the magnitude of the deviation increased with current density. As it will be shown later in this work,
the high-frequency portion of the fuel-cell impedance spectrum is highly dependent on the catalyst-layer electrolyte
hydration and conductivity.

The capacitive behavior of the cell was accompanied by an inductive loop at about 0.1 mHz—6 Hz at moderate
to high current densities. The nature of this low-frequency inductive behavior in the fuel-cell impedance spectra is
discussed further in this work.

A distinctive feature of the spectra simulated at moderate to high current densities was the presence of impedance
spirals between 0.02 and 1 Hz. These local impedance oscillations were equidistant in the Bode plot with about
50 mHz between the local extrema, indicating a resonance between the simulated hydration and conductivity dy-
namics of the membrane and the electrolyte phase of the catalyst layers (the effect of these phenomena on the

impedance spectrum is discussed in this work). Even though the regions of the simulated spectra with local oscilla-

tions have all passed the Kramers-Kronig test and similar oscillations have been reported in both experimental®? and

S7ITTOITZ0 22120

modeling studies (although at higher frequencies of 1-100 Hz and attributed to the resonance between
the oxygen transport along the channel and in the MEAY2Y) | a time-step-size analysis shown in the Supplementary
Information revealed that the observed resonance was, at least in our case, a numerical artifact (the inductive be-
havior was, however, resolved with a sufficient degree of accuracy). This highlights the importance of verifying the
unexpected impedance behavior by using a smaller time-step size in the simulations or a higher sampling frequency
in the EIS experiments.

Another point of validation was the HFR extracted from the impedance spectra as

HFR = lim Re(Z(w)).

w—r00

As seen in Figures and a good HFR agreement was achieved in all cases with both the EIS experiments
(within about 3%) and the ohmic-heating-based values in Figure (within about 1%). This validates the model’s
ability to predict the high-frequency resistance in the EIS and serves as another validation of the earlier computed
ohmic resistance.

The DC resistance was found in the EIS simulations as
Rpc = lim Re(Z(w)).
w—0

However, the lowest frequency used in the experiments (0.1 Hz) was not sufficient to observe the DC resistance.

Instead, it was computed as the local negative slope of the polarization curve:
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Figure 5: Comparison of the simulated and experimental impedance spectra: (a) and (b) Nyquist and Bode plots for the current density

of 0.1 A/cm? and 0.4 A/cm?; (c) and (d) Nyquist and Bode plots for the current density of 0.7 A/cm?, 1.0 A/cm?, and 1.4 A/cm?. The

corresponding polarization and HFR curves are shown in sub-figures (e) and (f), respectively. Only the first sweep is shown in sub-figures

(e) and (f). Error bars in the measured spectra represent the standard deviation from two experiments. Error bars in the experimental

polarization curve represent the standard deviation estimated from three tested cells. The cell was operated at 80 °C, 50% RH, 1.5 atm,

and 100% oxygen in the cathode flow (prior to humidification).

24



T T T T T T T T 104 T T T T T T T T
7.55 42.69¢ 200 T T
i — HFR
) ‘ 42A64 ] - - Rotom 150l
g ‘ ‘ o L | -+ Roc R ]
S | 7% 025 0.5 42597995 2 2.005 £ )
[ N
E | 53 T g ¢ 100 N ]
> n N EIR N
§ 1 |||||||| 51 Rp.acL 1 8‘1000§ 8 TR N
g 419_ = N 50
= [ ©
99 2 2.01 8
2 ||||||||||||||||||||||||||||||| i\
I [ Experlment |||I|||IIII 2 \
R ocrimer i L R T
E ! R., / 8
o } Ry pEM CMPL Re,conr ©
i R 100
e,AGDL._ Re ampL R
} \ \ F
0.5 0.75 1 1.25 1.5 1.75 2 2.25 0 0.25 0.5 0.75 1
Current density, A/cm’ Current density, A/cm?

(a) (b)

Figure 6: Breakdown of the simulated ohmic resistance (a) and cell resistance (b). Electronic and protonic resistances were marked Re
and Ry, respectively. The experimental EIS HFR data were taken from Figure and averaged (the error bars represent the standard
deviation). The cell was operated at 80 °C, 50% RH, 1.5 atm, and 100% oxygen in the cathode flow (prior to humidification).

A steady-state-polarization-curve simulation was considered as a true stationary reference for computing the DC
resistance with the formula above. The deviation of the EIS-based DC resistance from that computed from the
polarization curve was between 0.8% and 3% depending on the current density. Therefore, the EIS simulations were

consistent with the polarization curves.

4.2. Ohmic-resistance breakdown

Before discussing the hydration-related parametric studies, an ohmic resistance breakdown is carried out for the
pure-oxygen case from Figures and in order to verify that the HFR does not include the ionic resistance of the
catalyst layerst01703244 The ohmic-resistance breakdown is shown in Figure It is clear that the HFR does not
include the protonic resistance of the catalyst layers: the experimental HFR is in close agreement (within 3%) with
the sum of the protonic resistance of the membrane and the electronic resistance of the other MEA components. The
highly electronically conductive carbon-support phase of the catalyst layers forms a path of the least resistance for
the current, and thus the significantly less conductive ionic phase does not appear in the HFR. The HFR composition
is further confirmed by even closer, within 1%, agreement between the simulated HFR and the ohmic-heating-based
resistance of the aforementioned layers. This study also validates the ohmic-heating approach for computing the
individual ohmic resistances of the MEA components.

A comparison between the ohmic and DC resistance is illustrated in Figure As current density increases,
the DC resistance approaches the total ohmic resistance from Figure in this case, where mass-transport losses
are not dominant. The region of the graph with the blue stroke corresponds to the difference between the DC and

the total ohmic resistance and corresponds to other losses, such as mass-transfer and charge-transfer resistance.

4.3. Water-management analysis

In the literature, the inductive behavior of fuel cells at low frequencies has been attributed to the electrolyte

hydration182280 ORR intermediatest @829 platinum oxide formation? or reduction®!, and carbon monoxide poi-
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Figure 7: Effect of relative humidity on the predicted impedance spectrum at 1 A/cm?: (a) Nyquist plots, (b) Bode plots of the imaginary
part. The cell was operated at 80 °C, 1.5 atm, and 100% oxygen in the cathode flow (prior to humidification).

soning™®. In our model, however, the transient terms in the reaction-kinetics sub-models were neglected, and thus
the dynamics of the ORR intermediates and platinum oxide could not be the cause of the inductive behavior in the
simulated spectra. Carbon monoxide poisoning was also not modeled. The presence and the strength of the inductive
behavior in the simulated spectra highly depended on the hydration-related parameters of the model. A number of
parametric studies were performed in order to understand the effect of water management on the appearance of the
low-frequency inductive loops in the impedance spectra. Current density of 1 A/cm? was chosen for these studies as

the inductive behavior was sufficiently strong, as seen in Figure

4.3.1. Effect of relative humidity

1.20 was carried out first to find if

A study similar to the experimental RH imbalance analysis by Schiefer et a
the model can correctly predict the trends in the inductive-loop-size dependency on RH. The spectra simulated at
1 A/em? (as in reference?V) with varied relative humidity in anode and cathode are shown in Figure where
the 50%/50% case is the reference taken from Figure Similarly to reference?”, the lower RH of 30% in both
compartments resulted in the largest inductive loop followed by the case with a higher cathode RH of 70% and the
case with 50% RH in both sides (Figure . The inductive loop was the smallest in the case of the highest RH of
70% in both anode and cathode. These observations validate the model predictions of the RH effect on the inductive
loop and hint that the inductive behavior may be affected by the rate and direction of the water transport across the
CCM. The additional case with 70% anode RH, 30% cathode RH, not considered in the reference study?Y, resulted
in the second-smallest inductive loop.

Figure [§] illustrates steady-state water-content distribution in the CCM at 1 A/cm?. Interestingly, water content
was higher in the 30%/70% anode/cathode RH case than in the 70%/30% RH case due to the insufficient back-
diffusion of product water compared to electro-osmosis in the latter case. Water content in the CCM had a direct
effect on the imaginary impedance at frequencies above 100 Hz, which increased by up to 54% between the symmetrical
70% RH and symmetrical 30% RH cases. At the same time, it had no direct correlation with the size of the inductive
loop as evident from the imbalanced-RH cases. Thus, the low-frequency inductive behavior of fuel cells has a more

complex nature rather than water distribution in the membrane and catalyst layers.
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and cathode compartments (the domains were scaled-up along the horizontal axis by a factor of 10 and gaps between the layers were

added for clarity). The cell was operated at 80 °C, 1.5 atm, and 100% oxygen in the cathode flow (prior to humidification).

4.8.2. Effect of water absorption/desorption kinetics

A parametric study was performed on the rates of water absorption and desorption by the electrolyte in the
catalyst layers to further investigate the nature of the low-frequency inductive loop of the fuel-cell-impedance spectra.
The inductive loop was not present in the spectrum at 1 A/cm? with absorption/desorption rates reduced by a factor
of 10* (compared to the reference case from Figure [5)) as seen in Figure El The inductive loop became evident at
about 0.1-20 mHz with the absorption/desorption kinetics from Ge et al.5¥ (4 times slower absorption and 9 times
slower desorption than in Figure [5) and reached its maximum in the reference case. As the water-exchange rates
were further increased, the inductive loop gradually decreased in size and shifted to higher frequencies until reaching
10 mHz-6 Hz as seen in Figure |§| for the rates scaled up by 10* times. When vapor diffusivity in the porous layers
was also increased by four orders of magnitude to quickly remove the product water, the inductive loop disappeared.
This study indicates that the hydration-related inductive behavior of fuel cells depends on the dynamics of water
absorption and desorption by the electrolyte.

Absorption/desorption kinetics of water also had a distinctive effect on the spectrum at frequencies between
100 Hz and 1 MHz. A direct relationship can be established between the strength of the capacitive behavior of fuel
cells in that frequency range and the electrolyte-water exchange rates based on Figure In alignment with the
RH-imbalance study, a lower water content in the CCM observed with higher absorption/desorption rates (Figure
led to a stronger capacitive behavior of the cell as seen in Figure

Figures and show that the water-exchange rates affected the polarization and HFR hystereses and mag-
nitude. The larger the absorption/desorption rates and vapor diffusivity, the larger HFR and the lower performance
were predicted as water produced directly in the electrolyte phase of the catalyst layers was allowed to desorb from

the ionomer and leave the MEA faster. The largest hysteresis, up to about 40 mf2 - cm?

, was observed with the
rates from Ge et al.®% in which case the quasi-stationary state was not achieved in one sweep, and, unlike the
reference case and the experimental data in Figure[5] the cell exhibited an incomplete loop. A similar issue has been

observed in the model by Goshtasbi et al.23, who used the absorption/desorption rates of water from Ge et al.®¥ and
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tion/desorption rates (the domains were scaled-up along the horizontal axis by a factor of 10 and gaps between the layers were added for
clarity). Left to right: rates by Ge et al.59 (ctaps = 1.14 - 1075 cm/s, ages = 4.59 - 1075 cm/s), reference case (aaps = 4.59 - 107° cm/s,
Qges = 41.31-107° cm/s), large rates (qaps = 4.59-1071 cm/s, ages = 41.31-10~! cm/s), and large rates with DT scaled up by a factor
of 10%. The cell was operated at 80 °C, 1.5 atm, 50% RH, and 100% oxygen in the cathode flow (prior to humidification).

overpredicted the resistance by up to 2 times compared to the reported experimental data. This indicates that the
water-exchange rates reported by Ge et al.5¥ might be too low as the simulations do not agree with the experimental

observations.

4.8.3. Effect of back-diffusion of water in the electrolyte

The nature of the two separate inductive loops in the fuel-cell impedance spectra was investigated further by
modifying the water back-diffusion coefficient in the electrolyte. In this study, D) was scaled down by a factor of
3.2 first in the membrane, then in the catalyst layers, and finally in the whole CCM. Note that 3.2 was the scaling
factor for the back-diffusion coefficient from Motupally et al.®% as discussed in the modeling section.

The results of this parametric study at 1 A/cm? are shown in Figure A lower back-diffusion coefficient led
to a weaker inductive behavior at 0.1-200 mHz, especially in the catalyst layers. This aligns well with the earlier
observation that this inductive loop is sensitive to anode and cathode RH (see Figure . When the rate of back-
diffusion was reduced in the whole CCM, the inductive process at 0.1-200 mHz was transformed into a capacitive
process due to the increased role of electro-osmosis (a parametric study on the thermal osmosis of water in the PEM
was also performed, but no significant change in the impedance spectrum was found at the considered operating
conditions). In this case, the direction of the water-transport across the CCM was reversed to anode-to-cathode, and
a significant anode dry-out took place (Figure , which resulted in the increase of the HFR at current densities
approximately above 0.5-0.6 A/cm? with a reversed direction of the resistance hysteresis at higher current densities
(Figure and a lowered performance (Figure . These observations indicate that the inductive process
at 0.1-200 mHz is affected by the individual mechanisms of water transport in the electrolyte. The reduced flux
of the product water from cathode to anode leads to a decrease of the phase-lead of voltage, which weakens the
inductive behavior. If the direction of water transport across the CCM is reversed, for example, due to stronger

electro-osmosis, then the electrolyte cannot be sufficiently hydrated by the product water, as seen in Figure to
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Figure 11: Effect of the coefficient of back-diffusion of water in the electrolyte on the predicted impedance spectra (a,b), polarization

curve (c), and HFR (d). The cell was operated at 80 °C, 1.5 atm, and 100% oxygen in the cathode flow (prior to humidification).

support the voltage-phase-lead, and the dynamic behavior becomes capacitive.

In addition to the main inductive loop at 0.1-200 mHz, a second inductive loop at 0.2-5 Hz became apparent with
the lower back-diffusion of water in CLs or the whole CCM as seen in Figures and Due to the lower rate
of back-diffusion, more water was accumulated in the CCL while the ACL dried further (Figure , thus inducing
more absorption and desorption of water. Note that this inductive process took place at frequencies similar to the
“fast absorption/desorption” case in Figure Therefore, this second process at 0.2-5 Hz is likely associated with
the electrolyte-hydration dynamics in the catalyst layers rather than in the membrane, with a stronger effect of the

better-hydrated CCL since the dominating behavior at the given frequencies is inductive.

5. Conclusion

An open-source, transient, single-phase 2D PEMFC model was presented in this work that is suitable for analyzing
dynamic water management in fuel cells and its effect on their inductive behavior. A distinct feature of the model
is its ability to reproduce the experimentally measured dynamic polarization, resistance, and impedance data with a

single parameter set.
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The developed model was used to perform a comprehensive analysis of the inductive phenomena observed in fuel
cells, which has not been addressed in the literature with a detailed physical model. The study shows that there are
two distinct inductive processes in the fuel-cell-impedance spectra that are related to the electrolyte hydration, one
at 0.1-200 mHz and another at 0.2-5 Hz. Parametric studies performed in this work allow to deduce the nature of
these inductive processes.

The first process occurring at 0.1-200 mHz strongly depends on the electrolyte-conductivity dynamics (mostly in
the membrane) and is also affected by the water-transport mechanisms in the whole CCM. This inductive behavior
only appears when non-zero rates of exchange of water between the electrolyte and the pores are used in the model.
The size of the respective inductive loop directly depends on the magnitude of these rates and the ratio of the diffusive
to osmotic fluxes of the absorbed water. If water back-diffusion is weak, this inductive process is transformed into a
capacitive process. An inductive loop in this frequency range had been previously reported in experimental2®29 and
numerical2%3L studies, and it can also be seen, in part, in the experimental data reported in this work.

The second process at 0.2-5 Hz induces a minor inductive loop of negligible size, which becomes larger when a
stronger back-diffusion of water (weaker osmotic drag) is used in the model. The water-diffusion analysis shows that
this loop is associated with the hydration and electrolyte-conductivity dynamics in the catalyst layers.

Water management was also shown to affect the high-frequency portion of the spectrum. Impedance at 100 Hz—
1 MHz appeared to be highly sensitive to the interfacial water-exchange kinetics in the electrolyte of the catalyst
layers, with a stronger capacitive behavior indicating faster interfacial transport of water and a lower water content
in the electrolyte.

The ohmic-heating-based approach proposed by Secanell et al. % for calculating ohmic resistance of the individual
fuel-cell components was validated in this work. The ohmic-resistance breakdown performed with the model showed
that the high-frequency resistance contains membrane resistance and electronic resistance of other components, but

does not include protonic resistance of the carbon-supported catalyst layers and thus is not equivalent to the total
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ohmic resistance of the cell.
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