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Abstract: A recurrent formula for estimating an impedance of the cathode catalyst layer with fast
oxygen transport in a polymer electrolyte fuel cell is derived. The catalyst layer is divided into N
sub-layers and application of the charge conservation law enables to obtain the nonlinear recurrent
relation Z, = f(Z,-1), where Z,, is the accumulated impedance of all sub-layers up to the n-th
one. Numerical solution of this relation gives the total impedance of the catalyst layer with taking
into account variation of the static overpotential of the oxygen reduction reaction along the depth of
this layer. The model is simple, robust and two orders of magnitude faster than the standard model
based on numerical solution of the differential equation.
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Annorarus: [onyuena pekypperTHas popMysia st BEITUCIEHAS NMITEJAHCA KATOTHOTO KATATUTH-
YECKOTO CJIOSI C OBICTPBIM MIEPEHOCOM KHC/IOPO/A B TOILIMBHOM 3JIEMEHTE C TIOJIMMEPHBIM 3JIEKTPOJIH-
toM. Karasguruaeckuii cioit pazbuBaercs Ha N IOJICJI0EB, U IPUMEHEHNE 3aKOHA COXPAHEHUs 3apsiia
[O3BOJIsIeT OJIyYUTh HeJMHeliHoe peKyppenTHoe cooTHomenue Z, = f(Z,_1), rue Z, — CyMMapHbIit
UMIIEJIAHC BCEX TOJICIOEB BIJIOTH JIO N-T'O BKJIIOYUTEIbHO. UUCJIECHHOE PEIeHre TOTO COOTHOIICHUST
JaeT IOJIHBII UMIIeJJaHC KaTaJIUuTUYeCKOI'O CJIOA C YYeTOM IIePEeMEHHOI'0 BJI0JIb Hero CTaTUYEeCKOro I1e-
PEHAIPsI)KEHNsT PEAKIMH BOCCTAHOBJIEHNs Kucaopoga. Mosens mpocTa, Ha/IeKHa U Ha JBa MOPSIKA
ObICTpee, YeM CTaHIApTHAasl MOJIEIb, OCHOBAHHASI Ha pereHnn AudQepeHIuajIbHOr0 ypaBHEHHSI.
KuroueBple ciioBa: TOIIMBHBIE 3JIEMEHTHI C TIOJIMMEPHBIM JIEKTPOJIUTOM, UMIIEIAHC, MOJICTUPOBa-
HHe.
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1. Introduction. The electrochemical impedance spectroscopy (EIS) is a unique non-invasive, non-
destructive, in operando tool for characterization of polymer electrolyte membrane fuel cells (PEMFC) [1].
It is not surprising that over the past decade, a number of papers on EIS spectroscopy of PEMFCs has been
growing exponentially.

Thanks to commercial EIS-meters, the PEMFC impedance measurement is a routine procedure. However,
understanding of spectra requires a rather sophisticated modeling. In recent years, a large interest in devel-
opment of the physics-based impedance models has been demonstrated. Models of this type are based on the
transient conservation equations in the porous layers and cathode channel of a cell (see recent reviews [2, 3]).
In general, the standard procedures of linearization and Fourier-transform of transient mass and charge con-
servation equations lead to impedance model, which includes numerical solution of boundary value problems
(BVPs) [4]. The core of any impedance model for the cell is a model for cathode catalyst layer (CCL) impedance,
which, generally speaking, should take into account oxygen and proton transport, double layer charging/dis-
charging and a faradaic reaction. At low cell currents, the models for CCL impedance can be solved analytically;
however, analytical solutions are typically valid under strong assumption of a small variation of static parame-
ters along the CCL depth [5, 6]. The high-current impedance modeling includes numerical solution of a coupled
linear BVPs for perturbation amplitudes of overpotential and oxygen concentrations in the CCL, which severely
slows down the least-squares procedure for spectra fitting. The coefficients of BVPs are functions of distance
through the CCL depth obeying to strongly nonlinear BVPs (see discussions below).

An alternative approach for calculation of the CCL impedance is construction of transmission line (TL)
model consisting of a large number of repeated resistive and capacitive elements representing transport and
kinetic processes. Recently, a TL model has been developed and used for fitting experimental impedance spectra
of a segmented cell operated with neat oxygen [7]. The TL modeling usually leads to accurate results; however,
some elements (processes) in the repeating TL fragment may be missing. The advantage of TL approach is the
simplicity and ease of numerical implementation.

Below, we report a novel technique for modeling of the CCL impedance. As the first step, the CCL with
fast oxygen transport is considered. We split the CCL into a number N of sub-layers and assume that the
static overpotential of the oxygen reduction reaction (ORR) n° is constant in each sub-layer. This assumption
is equivalent to stepwise approximation of the function 1°(z), where z is the distance through the CCL. In
this approximation, a nonlinear recurrent formula relating the impedance of n sub-layers with the impedance of
(n — 1) sub-layers is derived from the proton charge conservation equation in the sub-layer. Using this formula
N times, one gets the CCL impedance. The model is based on the physical conservation equation, it is simple
and robust, as it does not involve numerical BVP solvers. Calculation shows that this model is nearly two
orders of magnitude faster than the standard impedance model based on BVP solvers.

2. Model. The linearized and Fourier-transformed conservation equation of the proton charge in the CCL
with fast Og transport is [8]

82771 o ~ ~ ~ ~ ~ 6771
2 972 = (1w + Co exp 770) nt 7t () =, 2wl = 0, (1)
where the dimensionless variables are defined in accordance with
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Here x is the coordinate through the CCL counted from the membrane, i is the positive by convention ORR
overpotential, ¢ and ¢i™ are the local and reference oxygen concentrations respectively, w is the angular frequency
of the applied alternating current (AC) signal, I; is the CCL thickness, b is the ORR Tafel slope, i, is the
volumetric ORR exchange current density, Cy; is the double layer capacitance, the superscripts 0 and 1 stand
for the static variables and perturbation amplitudes in the @-space, € is the dimensionless Newman’s reaction
penetration depth
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where o), is the CCL proton conductivity. One should also introduce the following dimensionless variables that

will be used in this work: )
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where j is the proton current density and Z is the impedance.
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The boundary conditions to Eq.(1) imply the applied perturbation #; and zero perturbation of proton
current 51 = —0i' /0% at the CCL/gas diffusion layer (GDL) interface. The fast oxygen transport means that
the static oxygen concentration is uniform throughout the CCL depth: & = 6(1), where 6? is the concentration
at the CCL/GDL interface. However, due to the finite proton conductivity, the static overpotential 7% is a
function of #, which under high cell current has a peak on the membrane surface. The shape of 7° () satisfies
to the static charge conservation equation

9 82~O
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= E(1) exXp 770’ 7~70 (O) = ps 9%

=0, ()
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which is strongly nonlinear. The analytical solution for 7°(#) was found in [9,10] and read:

7° = In <€22§; (1 + tan? <§ (1- :v)))) , (6)

where 3 is a solution of equation

5tan(§>3o, 0<p<m (7)
- : : 7°(z)
and jg is the static total current density. | Tt o
Analytical solution of Eq.(1) with the coefficient | TTtcv.e...oo
given by Eq.(6) may hardly be derived and the straight- I
forward way to calculate the CCL impedance a b z
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Figure 1. The scheme of the catalyst layer division into
involves numerical solution of Eq.(1). N sub-layers. The function 7°(Z) is approximated by
However, to avoid numerical integration of Eq.(1), the stepwise function, which is constant in each
the following idea can be employed. We divide the CCL sub-layer (not shown).

into N sub-layers and assume that 7" is constant in each
sub-layer (Figure 1). This is equivalent to stepwise approximation of the function 7°(%). Let the sub-layers be
numerated in reverse order, with the fist sub-layer located at the CCL/GDL interface (Z = 1) and the last one
at the membrane surface (z = 0) (Figure 1).

By analogy with Eq.(1), the problem for #' in the n-th sub-layer & € [a, ] is

1 on'
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where ﬁ?L is the value of the static ORR overpotential in the n-th sub-layer, ﬁ; and j; are the overpotential
and the proton current perturbation amplitudes at the interface of the n|(n — 1) sub-layers. The accumulated
impedance of all layers up to the n-th one is

_

Zp= =
ont/ox

. (10)
The problem (9) is a linear one with constant coefficients and, therefore, it can readily be solved. Solving Eq.(9),

~ ~1 ~
calculating the impedance Z,, from Eq.(10) and taking into account that 17; /3y = Zn—1 on the right side of the
n-th sub-layer, we arrive at the following recurrent relation

 Zao+tank (V30 /Van |
Zy = —— E , bn=— (i0+Pexpy), (11)
1t Z 1/ tanhs (13 ) €

where I, = & — Z_, is the thickness of the n-th sub-layer and 7 is calculated from Eq.(6) at the sub-layer
midpoint # = (Z + % _,)/2. Note that according to convention, {Z*} = {1 — 1,1 — 2I;,...,0} (Figure 1).


https://road.issn.org/

a 130 BBIYUCJIMTEJIBHBIE METOOBI 1 ITPOTPAMMIPOBAHHNE / NUMERICAL METHODS AND PROGRAMMING
2023, 24 (2), 127-131. doi 10.26089/NumMet.v24r209

g 0.08
g
=
~ O 0.06
= =
S N — real
g 0.02 g 0.04 —— imag
° 0
S —— recurrent model /N: 0.02
HE ¢ exact numerical e
| 0.00 ~ 0.00
0.00 0.02 0.04 0.06 0.08 10° 10* 102 108 104 10°
Re (Z), Ohm cm? Frequency, Hz
a) b)

Figure 2. (a) Solid line — the CCL impedance calculated with 10 sub-layers in accordance with the recurrence relation

Eq.(11). Points — the CCL impedance computed with help of Eq.(8) and by the direct numerical integration of Eq.(1).

In both cases, the static shape of 7° is evaluated from Eq.(6). (b) Real and imaginary parts of the impedance from (a)
as a function of frequency w.

At the CCL/GDL interface j, = 0 and, hence, Z = 0o on the right side of the first sub-layer (at z = 1).
Thus, using Eq.(11), we get an initial value of Z

- 1 1
Z = - 1= (0 + P i), (12)
V@1 tanh (llv¢1) €
enabling to evaluate the impedance Znatn=2,...,N.

3. Results and discussion. The relation
(11) is a nonlinear recurrent relation, which cannot  Table 1. Geometrical and operating parameters of the cell.
be solved. However, the numerical implementation
of Eq.(11) is simple and robust; for instance, it may
be solved using recursion. The comparison of spec-
tra computed from Eq.(11) with 10 sub-layers and

CCL thickness I, cm 10-10~4
ORR Tafel slope, V / exp 0.03
ORR exchange current density

those obtained by the direct numerical integration i, Aem™® 107?
of Eq.(1) is shown in Figure 2. Parameters for the Double layer capacitance Cqi, F cm™ 20
calculation are listed in Table 1. Parameter § was CCL proton conductivity o, S cm™* 0.01
calculated using fsolve procedure from Python Scipy Cell current density jo, A cm™2 0.5

library. The shape of the static ORR overpotential
7% utilized in both calculations is demonstrated in

Figure 3. 3

As can be seen, the solution of Eq.(11) with =
N = 10 is almost indistinguishable from the exact ;j 13.4
numerical result. Meanwhile, in the case of 10 sub- E)
layers, the calculation with the recurrence relation é
is nearly two orders of magnitude faster than using % 13.2
the model based on direct numerical ODE solver. 2

Such a fast method for calculation of the CCL =
impedance can be crucial for using in 2D problems '% 13.0
with non-uniform distribution of overpotential over g
the cell active surface area. Note that for simplic- A

ity, the thicknesses of all sub-layers were assumed to 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
be the same. Generally speaking, this is not neces-
sary, since the equation (11) is valid for the layers of
arbitrary thickness. In some cases, it may be bene- Figure 3. The shape of the dimensionless static ORR
ficial to use a non-uniform sub-layers grid to better overpotential through the CCL depth. The membrane is
resolve the region of a large 7° gradient. located at & = 0.

Normalized distance from the membrane
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the

Finally, it is worth noting that the idea leading to Eq.(11) can be used to derive a recurrent relation for
CCL with finite rates of proton and oxygen transport. This work is in progress.

4. Conclusions. A recurrent equation for impedance of the cathode catalyst layer with fast oxygen

transport and finite rate of proton transport in a polymer electrolyte fuel cell is derived. This equation allows
to calculate the impedance spectrum of the catalyst layer almost two orders of magnitude faster than the
standard method based on the numerical solution of the differential equation for the perturbation amplitude of

the

10.

overpotential of the oxygen reduction reaction.

References

. A. Lasia, Electrochemical Impedance Spectroscopy and Its Applications (Springer, New York, 2014). doi 10.1007/
978-1-4614-8933-7.

. Z. Tang, Q.-A. Huang, Y.-J. Wang, et al., “Recent Progress in the Use of Electrochemical Impedance Spectroscopy for
the Measurement, Monitoring, Diagnosis and Optimization of Proton Exchange Membrane Fuel Cell Performance,”
J. Power Sources 468, Article Number 228361 (2020). doi 10.1016/j. jpowsour.2020.228361.

. J. Huang, Y. Gao, J. Luo, et al., “Editors’ Choice—Review—Impedance Response of Porous Electrodes: Theoretical
Framework, Physical Models and Applications,” J. Electrochem. Soc. 167, Article Number 166503 (2020). doi 10.
1149/1945-7111/abc655.

. A. Kulikovsky and O. Shamardina, “A Model for PEM Fuel Cell Impedance: Oxygen Flow in the Channel Triggers
Spatial and Frequency Oscillations of the Local Impedance,” J. Electrochem. Soc. 162 (9), F1068-F1077 (2015).
doi 10.1149/2.0911509jes.

. A. A. Kulikovsky and M. Eikerling, “Analytical Solutions for Impedance of the Cathode Catalyst Layer in PEM
Fuel Cell: Layer Parameters from Impedance Spectrum without Fitting,” J. Electroanal. Chem. 691, 13-17 (2013).
doi 10.1016/j.jelechem.2012.12.002.

. A. A. Kulikovsky, “Analytical Solutions for Polarization Curve and Impedance of the Cathode Catalyst Layer with
Fast Oxygen Transport in a PEM Fuel Cell,” J. Electrochem. Soc. 161 (8), E3171-E3179 (2014). doi 10.1149/2.
020408jes.

. T. Schmitt, R. Bligny, G. Maranzana, and U. Sauter, “Rapid and Local EIS on a Segmented Fuel Cell: A New
Method for Spatial and Temporal Resolution,” J. Electrochem. Soc. 169 (9), Article Number 094504 (2022).
doi 10.1149/1945-7111/ac9089.

. A. Kulikovsky, “Analytical Impedance of PEM Fuel Cell Cathode Including Oxygen Transport in the Channel,
Gas Diffusion and Catalyst Layers,” J. Electrochem. Soc. 169 (3), Article Number 034527 (2022). doi 10.1149/
1945-7111/ac5d97.

. A. A. Kulikovsky, “The Regimes of Catalyst Layer Operation in a Fuel Cell,” Electrochim. Acta 55 (22), 6391-6401
(2010). doi 10.1016/j.electacta.2010.06.053.

A. A. Kulikovsky, “A Physically-Based Analytical Polarization Curve of a PEM Fuel Cell,” J. Electrochem. Soc.
161 (3), F263-F270 (2014). doi 10.1149/2.028403jes.

Received Accepted for publication
December 22, 2022 February 16, 2023

Information about the author

Andrei A. Kulikovsky — Dr. Sci., Guest Scientist; Forschungszentrum Jiilich GmbH, Theory and Computa-

tion of Energy Materials (IEK-13), Institute of Energy and Climate Research, Wilhelm-Johnen-Strafie,
D-52425, Jilich, Germany.


https://road.issn.org/
https://dx.doi.org/10.1007/978-1-4614-8933-7
https://dx.doi.org/10.1007/978-1-4614-8933-7
https://dx.doi.org/10.1016/j.jpowsour.2020.228361
https://dx.doi.org/10.1149/1945-7111/abc655
https://dx.doi.org/10.1149/1945-7111/abc655
https://dx.doi.org/10.1149/2.0911509jes
https://dx.doi.org/10.1016/j.jelechem.2012.12.002
https://dx.doi.org/10.1149/2.020408jes
https://dx.doi.org/10.1149/2.020408jes
https://dx.doi.org/10.1149/1945-7111/ac9089
https://dx.doi.org/10.1149/1945-7111/ac5d97
https://dx.doi.org/10.1149/1945-7111/ac5d97
https://dx.doi.org/10.1016/j.electacta.2010.06.053
https://dx.doi.org/10.1149/2.028403jes

	1. Introduction
	2. Model
	3. Results and discussion
	4. Conclusions
	5. References

