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ABSTRACT: A dynamic model for the concentration admittance Concentration Admittance Spectroscopy
of a polymer electrolyte fuel cell is presented. The model takes into AV
account oxygen transport in the cathode channel, the gas diffusion

layer, and the cathode catalyst layer. An analytical solution for the
concentration admittance is derived. We observe that the
admittance at the air channel outlet is not affected by faradaic
reactions, and it contains information on the oxygen transport
coeflicients in the cell. The admittance measured at the air channel

outlet can be fitted using the formula obtained in this work to <
extract the oxygen transport coefficients. Practical methods for Anode Cathode
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measuring the concentration admittance are proposed.

B INTRODUCTION

Polymer electrolyte fuel cells (PEFCs) are a key technology to
enable a sustainable future energy ecosystem with a much
reduced carbon footprint. Further efforts to markedly improve
the performance of PEFCs hinge on diagnostic capabilities to
separate and quantify voltage losses due to electrochemical
reactions and mass transport processes. In this realm,
electrochemical impedance spectroscopy (EIS) is a mature
approach that is extensively used for the nondestructive and in-
operando assessment of the performance (state of health) of
cells in a PEFC stack.

The rate (or current density) of the oxygen reduction
reaction (ORR) depends on the oxygen concentration, c, as
well as on the electrode potential, E. Therefore, a small-
amplitude periodic perturbation of either ¢ or E causes a
transient response of the fuel cell current density. In analogy to
the EIS response, an oxygen concentration impedance, { = 0E/
oc, can be defined that allows probing the oxygen transport
processes on the cathode side of the PEFC. Here E and 6c are
the small-amplitude harmonic perturbations of electrode
potential and oxygen concentration.

However, oxygen concentration can either be the input
signal or the measured response. The former approach has
been investigated both experimentally and theoretically in the
past decade. In 2009, Niroumand et al.' generated a
concentration/pressure (C/P) impedance by perturbing the
cathode outlet pressure at 0.14 Hz and proposed the concept
of C/P impedance spectroscopy to analyze liquid water
transport in the cell. From then on, experimental measure-
ments of C/P impedance spectroscopy of PEFCs have been
carried out consecutively. Engebretsen et al.” perturbed the
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cathode outlet pressure using a loudspeaker and measured the
voltage response from 10 mHz to 100 Hz. The pressure
impedance has been found to be sensitive to relative humidity.
Zhang et al.”* and Shirsath et al.’ used a back-pressure
controller to generate oscillations in cathode outlet pressure
and investigated the effect of operating conditions, such as
voltage load, oxygen concentration, or oxygen stoichiometry,
on pressure impedance.

The aforementioned studies are limited to qualitative
parametric studies due to the lack of models for extracting
oxygen transport properties. Schiffer et al.” developed a model
for pressure impedance spectroscopy and reported a good
agreement with experiments at a current density lower than 0.4
A/cm?; they attributed the experimentally observed maximum
in the amplitude of pressure impedance to a resonance in the
oxygen partial pressure. Sorrentino et al.”™" measured C/P
spectra of a PEFC by applying perturbation in oxygen
concentration at the cathode inlet and developed numerical
models for the C/P impedance. Kulikovsky'® developed an
analytical model for the C/P impedance under the assumption
of an infinite air flow stoichiometry and a large voltage loss
incurred by oxygen transport in the catalyst layer. Species
Frequency Response Analysis (sFRA), which applies current
perturbation and measures the response of the flux of volatile
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species via differential electrochemical mass spectrometry, has
been proposed and demonstrated for the electrochemical
methanol oxidation reaction on a porous Pt/Ru electrode by
Kubannek et al.'' While sFRA uses a current perturbation and
is applied to analyze methanol oxidation in a cyclone flow cell,
it is demonstrated that the method is practically applicable and
reaction and transport parameters can be deconvoluted with a
proper model. A sensitivity analysis confirms that sFRA is
sensitive to transport parameters that are not accessible by EIS.

Measuring the oxygen concentration response, ¢, while
perturbing the system with a small-amplitude modulation in
electrode potential, OE, or cell current density, dj, has not been
exploited so far. This work aims to demonstrate the potential
of concentration admittance spectroscopy (CAS), which is
based on measuring the ratio dc/0E. CAS is chosen due to its
finite amplitude, while the amplitude of the concentration
impedance diverges (see below).

In this work, we develop a quasi-2D model for the PEFC
cathode side concentration admittance, which accounts for
oxygen transport in the cathode catalyst layer (CCL), gas
diffusion layer (GDL), and flow field (FF). An analytical
expression for the concentration admittance is derived.
Concentration admittance spectroscopy thus realized does
not require perturbation of external pressure or concentration.
Instead, it is based on measuring Jc at the cathode channel
outlet during a standard EIS measurement. We suggest and
discuss methods for measuring ¢ at the cathode outlet.

B MODEL

The model takes into account oxygen transport in the CCL,
GDL and channel. Quasi-2D modeling, as depicted in Figure 1,

0 z
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Figure 1. Schematic of the cathode side of a PEFC with a straight
flow field channel, the gas diffusion layer, and the cathode catalyst
layer. Shown are the oxygen mass transport equations in each
transport element.

links oxygen transport in through-plane direction (along the x-
axis) with transport along the air channel (along the z-axis).
The model employs the following assumptions:

e High electronic conductivity of the cell components
exists, meaning that the ORR overpotential # is nearly
independent of the location along the z-axis.

e Proton transport in the CCL is fast, meaning that the
static #° and perturbed n' shapes of the ORR
overpotential are nearly independent of x.

The first assumption usually holds for typical PEM fuel cells.
The second assumption limits the cell current density J: ] <
ob/l, where I, is the CCL thickness, o, is the CCL proton
conductivity, and b is the ORR Tafel slope.

To simplify calculations, dimensionless variables are
introduced according to

- X s _ % 7 Iy 7 tise ~ ¢
x=—, Z=—, L=+ ft=—, T=—,
lt L lt 4FCh ¢,
o . j . 4Fwq’ . 4FDg"
n=-—, ] = L,) @ = " ] D= 5.
b L, iy, 171y
4Fve* -k
p=—2"1, h=-=
igL l, (1)

where the tilde sign marks the dimensionless variables, x is the
coordinate through the cell, z is the coordinate along the
channel, I, is the GDL thickness, L is the length of the straight
channel, h is the channel depth, ¢ is time, i« is the ORR
volumetric exchange current density, j is the local proton
current density in the CCL, F is the Faraday constant, ¢}’ is the
reference (inlet) oxygen concentration, ¢ is the oxygen
concentration, 7 is the ORR overpotential positive by
convention, @ is the angular frequency, D is the oxygen
diffusivity, and v is the air flow velocity in the channel.

Through-Plane Direction. Basic Equations and Static
Solutions. Oxygen transport in CCL and GDL is described by
eq 2 and eq 3, respectively:

dc 9% iy | ¢ (71]

— — D =5 |exp|

ot Ox 4F |\ ¢, b (2)
% _p 9% _,

ot Y o 3)

Here ¢ and c, are the oxygen concentrations in CCL and GDL,
and D,, and D, are the oxygen diffusivity of CCL and GDL,
respectively. The right side of eq 2 describes the rate of oxygen
consumption in a four-electron ORR.

With dimensionless variables, eqs 2 and 3 transform to

& 0% _,

o o )
&, 9%, “o

oF oz (s)

The static oxygen concentration curve in the CCL and GDL
is determined by eq 6 and eq 7:

_ 0% 0 0 20 L0/1\ — <0
oxy=c e, Py _ =0, ¢()=¢0)=¢g
(6)
L 0% - 08 Y
b—i =0, b—lj - DuxL ’
0% 0% 0% |_
F=1+ X=1-
G(1+1) =g @)

Here, t° and T} are the normalized static oxygen concentrations
in the CCL and GDL, and %) and &) are the normalized static
oxygen concentrations at the CCL/GDL interface and at the
GDL/channel interface, respectively. The left boundary
condition in eq 6 refers to the impermeable nature of the
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membrane for oxygen, resulting in zero flux, while the right 1

boundary condition describes continuity of the oxygen Ebl(a?) =——— cosh(qlid)/Db (& — 1))@:
cosh(l,+/i®/D,)

concentration at the CCL/GDL interface. The left boundary

condition in eq 7 refers to continuity of the oxygen flux at the

CCL/GDL interface, and the right boundary condition stands

for a fixed oxygen concentration at the GDL/channel interface.
The solutions for ¢° and &) are

Elo cosh(qﬁoic)
cosh(¢,) (8)
D&% tanh(dy) E-1-0)+¢

D, €)

where ¢, is given as

e'7
%= \/Dox (10)

Setting in eq 9 & = 1 and taking into account the continuity
of the oxygen concentration ¢)(1) = ¢}, we get an equation for
~0
5%

(z) =

& (%) =

~0
0_ %
Ijuqu)otanh((/)g)il;
I+ (11)

The static oxygen concentration in the channel, %), under small
current density can be approximated by eq 127,

o, 1Y
Ch‘(l x) (12)

where /4 is the stoichiometry of air flow,
_ 4Fhve
JL (13)

Substituting eq 12 into eq 11, we obtain the dependence of ®
on z,

A

z
510(5) = %(1 — l)
D4, tanh(¢))], P
R (14)
Zeta-Admittance. Calculations in this section have been
reported in ref 10. For completeness, we repeat the derivation
of the through-plane zeta-admittance, which is necessary for
understanding further calculations. Linearization and Fourier-
transformation of eq 4 and eq 5 leads to a system of linear
equations for the small perturbation amplitudes ¢', ¢, ¢}, and 7'
in a)—space,13

B al~l - a~l
e = & (&' + &%) + i, =  =q,

0% ox |

=0

(1) = (1) (15)
_ 0%, L~ 08 . o

— — i@z, D,—- =D —
b oz T ok i “ox|_

~1 T ~1

where T} is the oxygen concentration perturbation at the GDLI
channel interface.
From eq 16, the solution for t}(X) can be obtained:

sinh(y/i@/D, (& — 1 — T”))D oc!
+ — 0X .
Ji@D, 0% | (17)

X=1—

Setting ¥ = 1 in eq 17, we find

ot

Ehl(l) = —aljoxg

+ pe,
F=1- (18)

where
tanh(ibm ) _ 1

Job, T o) )
Equation 18 transforms the right boundary condition for eq 15

into the Robin-type one.
Introducing the zeta-admittance,

- f® . &
G(x) = , Gy=—
® == o (20)

and dividing eq 15 and eq 18 by 7', we get the problem for
G(%),

. 9%G S0 ~ 06
D, f=e”(c+a°)+iaac, WGy,
0 ox |__,
&) +ab, 22| = 4G,
0% |o_,_ (21)

where G, is the measurable zeta-admittance in the channel.
Substituting eq 8 into eq 21 and solving it, we find

o (70D gh, tanh(h) + 1) + i) cosh(gh %)

G(x —
) i@(aD,.g, sinh(¢,) + cosh(¢)))
B eﬁOElo cosh(¢ %)
i@ cosh(¢,) (22)
where
e'70 + i@
= D, (23)

Differentiating eq 22 we get 0G/0xl;_,_,

(72 (aD b, tanh(g) + 1) + BGidr)h,
o i@ (D), + coth(¢,))

x=1
=0
e’ & ¢, tanh(h,)
i@ (24)
In ref 10, eq 22 has been solved for G, assuming that the
admittance at the membrane interface is zero: G(0) = 0. This
solution leads to a simple equation for the zeta-impedance { =
1/G, under the further assumption of large air flow
stoichiometry. In the next section, we show that the
assumption G(0) = 0 can be relaxed by considering oxygen
transport in the channel. This will lead us to the concept of
concentration admittance at the channel outlet, as discussed
below.

0G(%)
0%
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Along-the-Channel Direction. The oxygen mass trans-
port in the channel is described by a plug flow eq 25:
()Ch _ Dh ()Ch

v _Zb
0z

h ox

0ch
ot

x=l+1,

(28)

The right side of eq 25 is the oxygen flux at the GDLIchannel
interface, describing an oxygen sink to the porous layers.
Nondimensionalization of eq 25 gives

D, 0¢,
h 0%

h

lt

of

_0g,

7 , h=
0z

F=1+],

(26)

Linearization and Fourier-transformation of eq 26 leads to

_d¢, .. D,og
VF = —lwe, — — o
< ¥ li=14g, (27)
From eq 17 we find the flux d‘c;l,/aiclgczlgh:
oel D o
% = idaz) + f DM%
s=14], b M lear- (28)
Dividing eq 27 and eq 28 by 7', we find
_ . ~0G e
(h + aD,)i&G,, + Ph—>" = —ﬂD‘,xa—?
0z 0% . (29)

Substituting eq 24 into eq 29 and using the identity A] = ¥, we
arrive at

+ PGh = QEIO, Gh(o) = Gh,O

(30)

where J is described through the equation of the polarization
curve at finite stoichiometry'”

-1 ln(l - l)i = el
A

(31)
and
y~
p=Llia + aD,) + — P o,
A aD,.¢, + coth(qﬁl) (32)
0= ﬂDoxeﬁo tanh(d,) aljoxqﬁo + coth(¢o)¢ _
B i@A] aD,$, + coth(g) "+ °°
(33)

Note that the boundary condition for eq 30 stems from the

perturbation of oxygen concentration applied at the channel

inlet (see below). 5
Substituting eq 14 into eq 30, we obtain the solution for G,

Gy(2) = Gy, exp(—P2)
Q, [( .
_ Q

* P+ In(1 —1/4)
B 1+ Dz)x¢o tanh(¢0)ih/Db

1 z
— exp(—PZ
/J xp( )] -

where

Q
(35)

In the following, we will be interested in the admittance at
the channel outlet assuming zero perturbation of the oxygen

14078

concentration at the inlet. Setting éh,o =0and z =1 in eq 34,
we finally find

& Q(1 — 1/4 — exp(—P))
LT P+ In(1 - 1/4)

(36)

B RESULTS AND DISCUSSION

Parameterization and Simulation. The Nyquist spec-
trum of eq 36 consists of a large loop in the frequency range
from 0.1 to 2 Hz and multiple small loops above 2 Hz (Figure
2). The small loops arise due to the interference of local
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Figure 2. (a) Nyquist spectrum of eq 36 for the parameters in Table
1. (b) Frequency dependence of the real and imaginary parts of the
spectrum in part a.

perturbations of the oxygen concentration with perturbations
transported along the channel. Similar loops have been
reported in local EIS spectra.'* The nature of the small
loops will be analyzed in detail in a follow-up publication. The
parameters to calculate the spectra shown in Figure 2 are listed
in Table 1. The static value of G}, (at zero frequency) depends
on the oxygen transport parameters in the GDL and CCL.

Table 1. Cell Parameters Used in Calculations

Tafel slope b, V 0.03
exchange current density ix, A cm™ 1073
oxygen diffusion coefficient in the CCL,"* D,,, cm* s~ 1074
oxygen diffusion coefficient in the GDL,"® D,, cm?® 57! 2 % 1072
catalyst layer thickness I, cm 10 X 107*
gas diffusion layer thickness I, cm 200 x 107
channel height h, cm 0.1

cell current density J, A cm™ 0.1
pressure standard
cell temperature T, K 273 + 80
air flow stoichiometry, 4 10

https://doi.org/10.1021/acs.jpcc.2c04131
J. Phys. Chem. C 2022, 126, 14075—-14081


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04131?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04131?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04131?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04131?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c04131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
20 -3 18 60 — . . i .
e (@ SRS ©
19 s e y
- w175 - ® {7 50 |
= 18 5 = } & \
i i K 40 |
g 47 (, g 17 g N
= . = = .
) 7 o =} N
g / g ! g w N
< 16 : ~ 165 ; =
pr, 2 p, ! o 20 R
T & ! S S
| ; | 16 ; | e
14p < ; 10 PR
;
s 1 2 3 4 5 % 0.02 006 008 0.1 0
: : : : 0 5 10 15 20
—42.-1 -
Dox /10 cm®s Db /CmZS 1 A

Figure 3. Static zeta-admittance Gj, vs (a) the oxygen diffusion coefficient in the CCL D,,,. (b) Oxygen diffusion coefficient in the GDL D, (c)

Stoichiometry of air flow A.

Here, we show the dependence of éﬁ,’yl on the stoichiometry
of air flow 4, the oxygen diffusion coefficient in the GDL D,
and the oxygen diffusion coefficient in the CCL D,,. As shown
in parts a and b of Figure 3, the higher D, and D,, the larger
Gﬁ,’,l is. Figure 3c illustrates that with increase of 4, Gg‘l
decreases. Indeed, the larger the stoichiometry, the smaller is
the oxygen concentration variation along the channel and
therefore the lower is the static zeta-admittance.

A sensitivity analysis of simulated concentration admittance
spectra (CAS) in comparison with EIS in terms of oxygen
diffusion coefficient in the CCL D,, is performed. Here, we
define the relative sensitivity Sy as:

_SIvl/Iy

®" 6D,/D,

(37)

where 6D,, is the absolute value of the oxygen diffusion
coefficient variation, [Y1 is the magnitude of the corresponding
electrochemical impedance or concentration admittance,
respectively, at the initial value of D,,, and 6lYl is the change
in magnitude of electrochemical impedance or concentration
admittance (i.e, 6IY1 = 1Yy, sp | — 1Y}, |). The advantage of

this definition is that it allows for a comparison between
different methods, which would have values in different units
and orders of magnitude. In addition, Sy characterizes solely
the model, excluding any influence of measurement inaccuracy.
The sensitivity analysis of simulated CAS in comparison with
conventional EIS for the oxygen diffusion coefficient in the
CCL D,, is shown in Figure 4, where 6D,,/D,, = 0.0S. Figure 4
illustrates that the CAS has a higher sensitivity over the
frequency range of 0.01 Hz to 10* Hz compared to EIS. The
highest sensitivity of CAS is around 100 Hz, while that of EIS
is at frequencies below 1 Hz.

Figure 4. Sensivity of oxygen diffusion coeflicient in the CCL D, of
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EIS and concentration admittance spectroscopy (CAS).

Note that this increase of relative sensitivity at high
frequency comes with a decrease in absolute magnitude of
the concentration admittance. The latter will lead to a lower
sensitivity of the measurement equipment, counterbalancing
the increasing sensitivity of the model. To pinpoint the best
frequency for measuring the oxygen diffusion coeflicient by
means of CAS, a combined consideration of the equipment’s
limitation and the relative sensitivity analysis is needed.
However, while the sensitivity of EIS approaches zero, the
sensitivity of CAS has finite and generally larger values (=1
order of magnitude) for all frequencies.

A parametric study is performed to determine the relation-
ship between the position f,,,, of the leftmost peak of the zeta-
admittance’s imaginary part Im (G,,) and the stoichiometry of
air flow A with the corresponding characteristic frequency of
the channel, f,;, = v/(2zL). The simulation of CAS is carried
out with the parameters from Table 1 and by varying the
stoichiometry of air flow A from 2 to 20. The frequency of the
leftmost peak f,,. is plotted against f; in Figure S. The

3

25 R? = 0.9986
g fnax = 1.7375fup, + 0.0470
& 2 o
g /s
=) {
215 5
& py
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[=% 1 ?
k7 ra
= d
<5 4
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e
0 L L
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fch/HZ

Figure S. Position f,,,, of the first (leftmost) peak of imaginary part of
zeta-admittance G, in Figure 2 vs the characteristic frequency of the
channel f;, = v/(27L).

position of f,,,. is proportional to the stoichiometry of air flow
A and to the corresponding f,;. As shown in Figure S, f,,.. can
be used to extract the characteristic frequency of the oxygen
transport in channel. Note that this particular linear depend-
ence is only valid for the channel depth & of 0.1 cm. For other
values of h, the slope of linear dependence will vary. The slopes
for channel depth of 0.05, 0.1, and 0.2 cm are 1.35, 1.74, and
2.00, respectively.
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The magnitude and phase Bode plots of eq 36 are shown in
Figure 6. As seen, the magnitude of G;; decreases with the
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-90
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frequency / Hz

Figure 6. (a) Magnitude Bode plot of eq 36 for the parameters in
Table 1. (b) Phase Bode plot of eq 36 for the parameters in Table 1.

increase of frequency and reaches a minimum value at a critical
frequency f,, = 3.0 Hz. The magnitude then exhibits periodic
oscillations upon further increasing the frequency. It reaches
another local minima at the frequencies, which are multiples of
the critical frequency, e.g,, f,, = 6.0 Hz, which is twice f,,. The
time constant corresponding to the critical frequency
t., = 1/f.,; = 0.33 s is close to the time for oxygen travel
from inlet to outlet t; = L/v = 0.28 s. This trend could be
attributed to the interference of local perturbations of oxygen
concentration with perturbations transported along the
channel.'* A detailed study of this effect will be performed
in future work. A similar effect has been reported by
Sorrentino."®

Suggested Experimental Setup. Equation 36 can be
used for fitting of experimental spectra of the cell admittance,
provided that the spectrum of oxygen concentration
oscillations can be measured at the channel outlet. Note that
the experimental procedure does not require excitation of the
outlet air pressure. The principal method is the same as for
standard EIS measurements. However, in addition to
measuring the electric variables, the spectrum Gj; at the
channel outlet has to be measured.

An oxygen sensor could be used to measure the oxygen
concentration at the cathode outlet if the sensor meets the
precision and frequency requirements of concentration
admittance spectroscopy. Alternatively, the measurement
could be done by supplying the outlet air flow to the cathode
of a separate measurement cell with minimal oxygen transport
losses and well-characterized electric properties. This could be
a button-type cell with a catalyst coated membrane operating
at a small current density. The schematic of this experimental
setup is shown in Figure 7. The incoming oscillations of the
oxygen concentration would produce oscillations of the

Cathode O, —— H,Anode
inlet inlet
H,O0— & H,O
Cathode —~AA— Anode
outlet outlet
Anode cathode
inlet inlet
cathode
Anode outlet
outlet

Figure 7. Schematic of the proposed experimental setup for the
measurement of the concentration variation at the cathode outlet of
PEFC.

voltage, E;, of this measurement cell, referred to as the m-
cell. In the absence of oxygen transport losses, E,, allows one to
calculate the required spectrum of c%,rl(a)):

—E!® exp(E2/b 1 CE!

Cilz m-m XP( m/m) __icdlmltmw + m-m

' lt,mi*,m Zm ' ' bm
(38)

Here Z,, is the electrochemical impedance and all the other
parameters on the right side refer to the m-cell, as indicated.
Equation 38 follows from the proton charge conservation
equation in the m-cell catalyst layer. Dividing c;, by E' of the
test cell, G;,, can be obtained.

There are several advantages of CAS over C/P impedance
spectroscopy. First, CAS can be measured simultaneously with
the standard EIS. Hereby, the sensitivity of both methods can
complement each other, enhancing the accuracy of the
extracted parameters. Second, there is no need to apply any
concentration or pressure perturbation at the cathode inlet/
outlet. Last but not least, CAS does not require keeping zero
total current perturbation in the system.

Bl CONCLUSIONS

A model for the concentration admittance G, at the cathode
channel outlet of a PEFC has been presented. The model is
based on oxygen mass transport equations in the flow field
channel, gas diffusion layer, and catalyst layer. An analytical
expression for Gj; has been derived assuming that the
perturbation of the oxygen concentration at the channel inlet
remains zero. The solution suggests a novel method for PEFC
characterization: in a standard EIS experiment, measuring
oscillations in the outlet oxygen concentration &c;,; allows one
to calculate G, = &c;,,/0n. The analytical solution for G,
could be fitted to experimental spectra, giving an independent
means for the determination of oxygen transport parameters in
the cell. The measurement of dc,; could be conducted by
supplying the air flow from the channel outlet of the cell being
probed to a separate measurement cell, which could be a
button fuel cell with minimal oxygen transport losses. The EIS
spectrum of this cell can be directly related to the
concentration admittance Gj,;. Overall, concentration admit-
tance spectroscopy can be measured simultaneously to
standard EIS using easy instrumentation, greatly enhancing
the sensitivity and the accuracy of extracted transport
parameters.
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