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A model for impedance of a PEM fuel cell cathode catalyst layer under simultaneous application of potential and
oxygen concentration harmonic perturbations is solved. The solution demonstrates strong lowering of the layer
impedance under increase in the amplitude of oxygen concentration perturbation. Small in-phase oscillations of
the overpotential and oxygen concentration lead to formation of a sub-layer with negligible oxygen transport
loss. Working as an ideal non—polarizable electrode, this sub-layer dramatically reduces the system impedance.

1. Introduction

Electrochemical impedance spectroscopy (EIS) has proven to be a
unique non-destructive and non-invasive tool for fuel cells character-
ization [1]. In its classic variant, EIS is based on application of a
small-amplitude harmonic perturbation of the cell current or potential
and measuring the response of the cell potential or current, respectively.
In recent years, there has been interest in alternative techniques based
on application of pressure (Engebretsen et al.[2], Shirsath et al.[3],
Schiffer et al.[4], Zhang et al.[5]) or oxygen concentration (Sorrentino
et al.[6-8]) perturbation to the cell and measuring the response of
electric variable (potential or current), keeping the second electric
variable constant.

Application of pressure oscillations at the cathode channel inevitably
leads to flow velocity oscillations (FVO) [9]. Kim et al.[10] and Hwang
et al.[11] demonstrated experimentally dramatic improvement of PEM
fuel cell performance under applied FVO. The effect of FVO on the cell
performance was more pronounced with lower static flow rates and with
increasing the FVO amplitude [10]. In [10,11], the effect has been
attributed to improvement of diffusive oxygen transport through the cell
due to FVO. Kulikovsky [12,13] developed a simplified analytical model
for impedance of the cell subjected to simultaneous oscillations of po-
tential and air flow velocity. The model has shown reduction of the cell
static resistivity upon increase of the FVO amplitude. Yet, however, due
to system complexity, the mechanism of cell performance improvement
is not fully understood.

Below, a much simpler system (PEM fuel cell cathode catalyst layer)
subjected to oscillating in-phase potential and oxygen supply is
considered. Analytical model for the CCL impedance under these
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conditions is solved. The result demonstrates the effect of impedance
reduction due to oscillating oxygen supply. In-phase oxygen concen-
tration and overpotential oscillations strongly reduce oxygen transport
losses in part of the cathode catalyst layer (CCL) at the CCL/gas diffusion
layer (GDL) interface which leads to dramatic decrease of the system
impedance.

2. Model

Consider a problem for CCL impedance under simultaneously oscil-
lating potential and oxygen supply (Fig. 1). For simplicity, we will as-
sume that the proton transport is fast. The model is based on two
equations: the proton charge conservation
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and the oxygen mass transport equation
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Here, x is the distance through the CCL, Cy is the double layer capaci-
tance, 7 is the positive by convention ORR overpotential, t is time, j is the
local proton current density, i is the ORR volumetric exchange current
density, ¢, is the reference oxygen concentration, and b is the ORR Tafel
slope. Introducing dimensionless variables
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Nomenclature x Coordinate through the cell, cm
Z CCL impedance, Q cm?
- Marks dimensionless variables .
b ORR Tafel slope, V Subscripts:
Ca Double layer volumetric capacitance, F cm™> RC parallel RC.‘—.circuit imp.edance
c Oxygen molar concentration, mol cm ™3 w Warburg ﬁmte—lf:ngth impedance
Cref Reference oxygen concentration, mol cm ™3 0 membrane./ CCL interface
Doy Oxygen diffusion coefficient in the CCL, cm? s™* 1 CCL/GDL interface
F Faraday constant, C mol ! Superscripts:
f Frequency, Hz 0 Steady-state value
G Dimensionless concentration admittance &' Jm 1 Small perturbation amplitude
j Local proton current density, A cm ™2
i Imaginary unit Greek:
i ORR volumetric exchange current density, A cm 3 U ORR overpotential, positive by convention, V
k Concentration amplitude factor, Eq. (7) n Amplitude of applied overpotential perturbation, V
L Catalyst layer thickness, cm U Dimensionless parameter, Eq. (5)
R Static resistivity, Q cm? ¢ Dimensionless parameter, Eq. (10)
Re Static charge transfer resistivity, Q cm? ® Angular frequency of the AC signal, s™*
t Time, s
N ZEI ~0\ (~1 ~0~1 s 2~~~
. 1 Doser = exp() (€ +21,) +iwarc,
¢y =k ] @)
(7(:" ~1 ~1
B Fs =0, ¢ (1)=hy
Jo e oxygen concentration ¢ . T\ o

----- overpotential

membrane
GDL

-------------------------------- A

cathode catalyst layer [~ %
0 1 i / lt

Fig. 1. Schematic of the cathode catalyst layer and the typical static shapes of
the oxygen concentration, proton current density and overpotential in the layer.

In-phase harmonic perturbations of the dimensionless overpotential ﬁ% and

oxygen concentration E% are applied at the CCL/GDL interface.
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where @ is the angular frequency of applied AC signal, Z is the CCL
impedance, Egs. (1), (2) take the form

o d .
M I 4
or + ox cexpn @
o ~ o7 4Fc
2= — Dy— = — cexpi], =4/ o 5
# ot i coxpn, K Cab ®

Linearization and Fourier transform of Egs. (4), (5) lead to the system of
linear equations relating the perturbation amplitudes ﬁi ((7)),71 (x,®) and
(%, @) (Ref.[14]):
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where the superscripts 0 and 1 mark the static variables and the small

perturbation amplitudes, respectively, 2(1) is the static oxygen concen-
tration at the CCL/GDL interface, k>0 is the constant model parameter,
ﬁ% is the amplitude of applied overpotential perturbation.

The boundary condition for Eq. (6) means zero proton current
through the CCL/GDL interface. The left boundary condition for Eq. (7)
expresses zero oxygen flux in the membrane. The feature of this problem
is the right boundary condition for Eq. (7) meaning external control of
oxygen concentration perturbation ¢ at the CCL/GDL interface: ¢* 1)
varies in—phase with the overpotential perturbation ﬁ%. Note that the
perturbations of applied cell potential and positive overpotential have
different signs, assuming that the electron conductivity of the cell
components is much larger than the CCL proton conductivity.

Due to fast proton transport, ﬁ% is nearly independent of x. For
simplicity we will also assume that the variation of static oxygen con-
centration along X is small: ¢° ~ ¢°. Note that the account of a static
oxygen concentration non-uniformity qualitatively does not change the
effects below. The procedure of Eqgs.(6), (7) solution is quite analogous
to the one described in [14]; it leads to the CCL impedance
Z= ~ 0\ 1S ~ %RC ~ EERY ®
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where jj is the cell current density, Zrc is the parallel RC—circuit (fara-
daic) impedance, Zy is the Warburg-like oxygen transport impedance:

7 _ tanh (\ / ch /5,,1)

Zpe = D +ipto, Zy=
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and the static polarization equation 70 :E{l’expﬁo has been used to

)

eliminate exp’.

The CCL impedance, Eq. (8), for the current density of 100 mA cm 2
and the indicated values of parameter k is shown in Fig. 2. The other
parameters are listed in Table 1. Note that to emphasize the effect, the



A. Kulikovsky

N
o
o

100

- Im(Z) / mOhm cm?

0 100 200 300 400 500 600
Re(Z) / mOhm cm?

200
150

100

- Im(Z) / mOhm cm?

107t 100 10t 10? 103 104
Frequency / Hz

Fig. 2. (a) Nyquist spectra of the CCL, Eq. (8), for the indicated values of
parameter k. The other parameters are listed in Table 1. The point R, indicates
the static charge-transfer resistivity b/jo. (b) The frequency dependence of
impedances in (a).

Table 1
The cell parameters used in calculations. Parameter D, is taken to be
small to emphasize the effect of oxygen transport in the CCL.

Tafel slope b, V 0.03
Double layer capacitance Cg, F cm 3 20
Exchange current density i:, A cm > 1073
Oxygen diffusion coefficient

in the CCL, Doy, cm? 57! 1.10°°
Catalyst layer thickness I;, cm 10-104
Cell temperature T, K 273 + 80
Cathode pressure, bar 1.5
Cathode relative humidity, % 50
Cell current density jo, A cm™2 0.1

2 -1

CCL oxygen diffusivity is taken to be very low, Dy, = 107 cm®s™".

The Nyquist spectrum corresponding to k =0 (no concentration
perturbation at the CCL/GDL interface) consists of two partly over-
lapping arcs, of which the left one is due to charge transfer and the right
one is due to oxygen transport (Fig. 2a). In Fig. 2b, the left peak of —J(Z)
(red curve) corresponds to the oxygen transport and the right shoulder is
due to the faradaic reaction.

The perturbation of oxygen concentration at the CCL/GDL interface
dramatically changes the spectra. With the growth of k, the oxygen
transport arc strongly decreases showing strong lowering of the oxygen
transport loss (Fig. 2). The reduction of transport impedance lowers the
CCL static resistivity R (Fig. 2a). Calculation of Eq. (8) limit as @—0
gives

~ eoth(@)
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which decreases with the growth of k.
To understand the effect, it is advisable to check what happens to the

phase shift between the oxygen concentration ¢ and overpotential ﬁ%
(the phase angle of G(x) = e /77'}) at k>0 (Fig. 3a). Atk = 0, thereisa
large phase shift between ¢; and 71'}, excluding a single point at X = 1,
where ¢ = 0. With k = 0.5, a finite—thickness domain forms, where ¢*
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Fig. 3. (a) The phase angle of G =7 /ﬁi (between oxygen concentration and
overpotential) vs distance x through the CCL at the frequency of 3.5 Hz cor-
responding to position of the transport peak in Fig. 2b (red curve). (b) The
modulus of the transient ORR rate.

and ﬁi oscillate almost in—phase, and with k = 0.95 this domain of zero

phase shift increases (Fig. 3a). Zero phase angle between ﬁi and ¢
means small or no oxygen transport losses in this domain.

Fig. 3b shows the modulus of the ORR rate perturbation. In the
domain with low oxygen transport loss, the ORR rate strongly increases.
Thus, atk > 0, a sub-layer at the CCL/GDL interface forms, which works
as an ideal non-polarizable electrode with fast oxygen transport and
large ORR rate. This sub-layer significantly reduces the CCL impedance.

Further increase in k above 0.95 changes the sign of the G phase
angle at the membrane interface, meaning formation of inductive loop
in the Nyquist spectrum. In this state, the static resistivity drops below
the static charge-transfer value R, = b/j; this regime deserves special
consideration and it is not discussed here. The limiting value ky, at
which R = R, = 1/j, is

kiim = E?(¢C°th(¢) -1) an

A steady state of the CCL resulting from solution of the static version of
Egs. (4), (5) leads to the CCL resistivity corresponding to k = 0 in Eq.
(10) (the rightmost point of the red curve in Fig. 2a). In this state, small
variation of the static oxygen concentration at the CCL/GDL interface
leads to a small change in the static resistivity. However, if a small
harmonic perturbation ¢} varying in-phase with the overpotential os-
cillations 7} is applied at the CCL/GDL interface, the CCL transforms into
quite a different two-layer system, with negligible oxygen transport loss
in one of the sub-layers. With the decrease in o, this new system tends to
the steady state with much lower resistivity. A more detailed analysis of
such a “post-oscillating” steady state will be provided in a full-length
paper.

From practical perspective, in a real fuel cell it is hardly feasible to
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directly perturb the oxygen concentration at the CCL/GDL interface
in—phase with the overpotential. However, the experiments of Kim et al.
[10] and Hwang et al.[11] suggest that the effect could be achieved by
perturbing air flow velocity in the channel. Oxygen concentration in the
channel can, indeed, be perturbed in—phase with the ORR overpotential
by applying pressure and/or flow velocity oscillations. The key problem
is to understand how GDL affects the phase angle of the transported
oxygen concentration perturbation. Calculations show that in the range
of frequencies below 1 Hz, GDL does not change the phase angle of
oxygen oscillations (to be published elsewhere). This opens a perspec-
tive for practical realization of the effect discussed in the work.
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