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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/ molSO3

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?
k rate of absorption/desorption of water by the electrolyte, 1/s
ki, 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 /moly+
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/ molg,

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
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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
transfer142324] nrotonic resistance of the catalyst layerd>LZ24%6.] and mass transpord#2224.27.28

An interesting feature of the fuel-cell impedance spectra is the inductive behavior at high and low frequencié8.
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
under 1 Hz, has been claimed to be a ected by electrolyte hydratiot®2%3! | intermediates of the oxygen-reduction
reaction (ORR) 17182029 ' platinum oxide formation 292°31  and carbon monoxide poisoning®. Understanding the
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 t the exper-
imental spectral4{1923.25263233  However, the tted parameters are only valid in the neighborhood of the tested
operating conditions and cell composition. Oversimpli cation 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
tted circuit. Due to their complexity, however, physical models have not received widespread interest. Only a few
one-dimensionaf*2%3436  and multi-dimensional®¥71** models were used to investigate fuel-cell impedance, three
of which?%313° analyzed 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
o set the inductive behavior. Bao and Bessler®3° showed that the inductive loop decreases under a counter ow
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 nite-rate water uptake by the electrolyte was neglected 3138140

Recently, Schiefer et al?® performed an experimental investigation of the fuel-cell inductance. They attempted
to magnify the e ect 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 e ect 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 af!*?. 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 e ects in the impedance spectra. Unlike other physical EIS model'-3840 | the
model presented in this work takes the nite-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 rst 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 di usion is su ciently slow to allow for the uptake process to occur. The
RH-imbalance study of Schiefer et al?® 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-di usive and osmotic uxes of water in the
membrane and catalyst layers is shown to have a direct e ect on the size of the inductive loop and even be responsible
for the transformation of that loop into an additional capacitive arc when back-di usion 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 literaturg#16.17.:30.32.33.38  The ghmic-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 authot$17:3244  Since 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 su cient to validate the model. Therefore, the presented
model was thoroughly validated through transient polarization curves and ohmic-heating-based resistance at various
operating conditions, as well as through EIS. In contrast to other model§384°  no parameters were tted to the
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 2. 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 4. 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*'#?. The main simplifying assumptions of the model are listed below.

1. Gas mixtures were assumed to be dilute, isobaric, and ideal. Gas ow was assumed purely di usive at the

considered operating conditions based on the recent study by Zhou et &f.

2. The model is single-phase, i.e., liquid-water transport was neglected at the considered conditions.



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 forri-424549

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 su ciently large interfacial area of the porous
layers in the MEA 4142,

5. The volumetric current density for ORR was computed with the double-trap kinetics model proposed by
Wang et al.> and modi ed by Moore et al. %'. The dual-path kinetics model*’4852 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)*5% was assumed in the CLs. In the ICCP model, the
reactant gases (oxygen in the cathode and hydrogen in the anode) dissolve into and di use through a thin layer

of ionomer before reaching the reaction sites.

Other assumptions are the same as in referenc&s*?4748 ' The main assumptions speci c 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 Im (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 1. The computational domain highlighted in dashed lines in Figure 1
contains a polymer electrolyte membrane sandwiched between two catalyst layers, two micro-porous layers, and two
gas di usion 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-di usion 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
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