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ABSTRACT: Recent model (Electrochem. Comm. 2024, 159,
107655) reveals dramatic decrease of the PEM fuel cell cathode
catalyst layer (CCL) impedance under oxygen supply oscillating in-
phase with the overpotential. Here, a more accurate model for the
CCL impedance is developed, and expressions for the static CCL
resistivity and polarization curve are derived. The results demonstrate
that the resonance pumping of the oxygen concentration at the CCL/
GDL interface with the concentration-to-overpotential amplitude
factor k > O transfers the CCL to a new steady state with the 0.00 0.02 0.04 0.06 0.08 0.10
resistivity and overpotential reduced by a factor ~(1 + k) in the low- Re(Z) / Ohm cm?

current limit and by (1 + 2k) at high cell currents. To verify the effect
in practically relevant conditions, PEM fuel cell impedance is
calculated using our 1d + 1d model, assuming that the inlet oxygen
concentration oscillates in-phase with the overpotential. The model includes oxygen transport in the channel and gas-diftusion layer
and proton transport in the CCL. The results confirm significant reduction of the cell resistivity, provided that the air flow
stoichiometry is large.
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The effect of in-phase oxygen concentration and over-
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The cathode catalyst layer (CCL) in PEM fuel cells has been a
subject of numerous studies due to key role of the CCL in the
cell performance (see refs 1—3). Basically, any kinetic or
transport process in a PEM fuel cell eventually contributes to cell
electric resistivity. In particular, the CCL resistivity is a sum of
the oxygen reduction reaction (ORR) (faradaic) resistivity and
the resistivities of oxygen and proton transport. Lowering CCL
resistivity has been among the top priority problems in the fuel
cell technology.

One of the best methods for measuring transport and kinetic
parameters in an operating CCL is electrochemical impedance
spectroscopy (EIS).* Typical EIS experiments imply application
of small-amplitude harmonic perturbation of current and
measurement of the response of cell potential, varying frequency
of the applied signal.

Due to intrinsic coupling between the potential, current, and
oxygen concentration in PEMFCs, one can generate harmonic
oscillations of the cell potential and current by perturbing
cathode pressure®™” or oxygen concentration.* ' The ratio of
measured electric to applied nonelectric perturbation ampli-
tudes yields a family of impedance-like spectra. In all the
aforementioned methods, a single variable (current, potential,
pressure, or oxygen concentration) is perturbed to produce the
spectra.

Recently, it has been shown that simultaneously applied in-
phase oscillations of the ORR overpotential and oxygen
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dramatically reduce the CCL impedance and static resistivity.''
Such an EIS-like technique is an interesting option for reduction
of the system resistivity rather than the purely diagnostic

method.
Below, the effect of resonance pumping of the oxygen

concentration in-phase with the ORR overpotential is studied in
detail using a more accurate model, which takes into account
static oxygen transport loss in the CCL. We show that the CCL
resistivity reduces by the factor ~(1 + k) at low currents and by
(1 + 2k) at high currents, where k is the ratio of applied
oscillation amplitudes of the oxygen concentration and
overpotential. Finally, the effect is verified using our 1d + 1d
model for the PEMFC cathode impedance. In-phase excitation
of inlet cathode pressure and overpotential strongly reduces the

cell resistivity, provided that the air flow stoichiometry is large.
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Figure 1. Schematic of the cathode catalyst layer in PEM fuel cell and ~ 4FD, c.¢ L Zigl, . wCyb
the typical static shapes of the oxygen concentration, proton current Dy = iz Z= b’ w = L
b *

density, and ORR overpotential. Also shown are the boundary
conditions for the small AC perturbation amplitudes at the CCL/
GDL interface.

The analytical model employs the following assumptions.

e The electron conductivity of the CCL is high.

e Proton transport in the CCL is fast, hence the variation of
static and perturbed overpotentials through the CCL
depth is negligible.

The assumption of fast proton transport greatly simplifies the
analytical treatment of the problem. Numerical calculations
below show that the relaxation of this assumption qualitatively
does not change the effect predicted by the analytical model.

In ref 11, it was additionally assumed that the oxygen
transport in the CCL is fast. Here, this assumption is lifted,
allowing us to rationalize the effects at large cell current, when
decay of the static oxygen concentration toward the membrane
is significant.

The model is based on the proton charge conservation

equation
o 0j
Cdl_ﬂ + 2 = — iy = eXP(EJ
ot  Ox Cref b (1)
and the oxygen mass transport equation
dc 9% i | ¢ (77]
Z_p 28— exo| £
o ox’ 4F\ ¢ P )

where x is the distance through the CCL, Cy is the double-layer
capacitance, 77 is the positive by convention ORR overpotential, ¢
is the time, j is the local proton current density, i is the ORR
volumetric exchange current density, ¢ is the local oxygen
concentration, ¢, is the reference oxygen concentration, D,,, is
the CCL oxygen diffusivity, and b is the ORR Tafel slope.

A standard procedure of linearization and Fourier-transform
of eqs 1 and 2 leads to the system of linear equations for the small
perturbation amplitudes fl and &' (see mathematical details in'*
and also in section “Resonance nature of k-states”)

a’
0%

~ ~1

=~ (@ + %) - ia7,

~1 _
j()=o0 3)
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(6)
where @ is the angular frequency of applied AC signal and Z is
the CCL impedance. In eqs 3 and 4, ij' is the amplitude of
overpotential perturbation. Since the charge transport is
assumed to be fast, we may set 7j' =~ 7711, where 7711 is the
overpotential perturbation applied at the CCL/GDL interface
(% = 1). A key feature of the model is the right boundary

condition for eq 4, meaning that the oxygen concentration at the
CCL/GDL interface oscillates in-phase with the applied

overpotential perturbation 7711 , with the amplitude factor k > 0.

The equation for the static oxygen concentration is obtained
from eq 2 by chalking out the time derivative

=2, (1) =¢
0X 6.7?2 ( ) 1 (7)
Solution to eq 7 is
~0 ~ ii°
h
(z) = & cosh(¢x) b= e
cosh ¢ D, (8)

Introducing local concentration G and electric Y admittances

1

G

= |nz
—

, Y

< |\-1
— =

(9)

and noting that 77" is nearly constant along &, we can divide eqs 3
and 4 by 77, which leads to the problem for Y (&) and G(&)

oY ,70 0 -
C oG+ —id, Y(1)=0
oz - GFE) @ (10)
2
5,28 = (G + &) +itac, 25| =o,
ox 0% |,_,
G(1) =k (11)

Solution to eq 11 with £°(&), eq 8, is
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is the charge-transfer (parallel RC-circuit) impedance. Finally, 004 — 00
solution of eq 10 with eq 12 for G(%) gives the CCL impedance
Z=1/Yl_,
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w= 57 107t 10° 10* 102 10° 10*
1/ ZeDox (13) Frequency / Hz

is the Warburg-like finite length impedance.

B RESULTS AND DISCUSSION

To illustrate the results, below the Tafel equation for the static

polarization curve is used to relate the static cell current density

jo and overpotential 7°. With the dimensionless variables eq 6,

this equation has the form
4 ~0 ~0

Jo =6 expi (16)

Strictly speaking, eq 16 does not hold at high cell currents due
to “transport” Tafel slope doubling (see below), neither it
describes kinetic growth of the Tafel slope with the cell current
density."’ In general, the analysis below could be done in terms
of the static cell potential, keeping the factor ¢, exp 77° in eq 14.
However, eq 16 helps clarify and illustrate qualitatively the key
effects due to oxygen concentration oscillations.

CCL Impedance Spectra. Figure 2a shows the Nyquist
spectra of the CCL impedance, eq 14, for the set of k = {0, 0.5,
0.7, 1, 3} and the cell current density of 1 A cm™2. The other
parameters for the calculations are gathered in Table 1.
Qualitatively, the effect of k on the cell impedance in Figure
2a is similar to the effect at low cell current:'" the impedance
modulus and the static CCL resistivity decrease with the
increase in k. Figure 2b shows that with the growth of k, the
oxygen diffusion peak vanishes, while the right faradaic
“shoulder” transforms into a distinct peak, which decreases in
the amplitude.

Figure 3a shows the phase angle arg(G) along % calculated

using eq 12. With k = 0, the phase angle between &' and 77" is large
through the whole CCL depth, excluding a singe point & = 1
(Figure 3a). However, already at k = 0.5, nearly half of the CCL
thickness operates at arg(G) ~ 0, meaning that in this domain,
the oxygen concentration oscillates in-phase with the over-
potential. Further growth of k extends the region of reduced |
arg(G)| down to the membrane (Figure 3a). Smallness of the

phase shift between ¢' and /7' means strongly reduced oxygen

7449

Figure 2. (a) Nyquist spectra of the CCL, eq 14, for the indicated values
of parameter k in eq 4 and the cell current density of 1 A cm™2. The
other parameters are listed in Table 1. The point R, indicates the
estimate of static charge-transfer resistivity b/j, at k = 0. (b) The
frequency dependence of the imaginary part of impedances in (a).

Table 1. Cell Parameters Used in Calculations®*”

Tafel slope b, V 0.03
double-layer capacitance Cy, F cm™ 20
exchange current density ix, A cm™ 1073
oxygen diffusion coefficient in the CCL, D,,, cm? s™* 1x107*
catalyst layer thickness [, cm 12x107*
cell temperature T, K 273 + 80
cathode pressure, bar 15
cathode relative humidity, % 50

cell current density jo, A cm™> 1.0

“Parameter D, is taken to be small to emphasize the effect of oxygen
transport in the CCL.

transport losses in this domain, which leads to significant growth
of the transient ORR rate (Figure 3b). Both effects dramatically
lower the CCL impedance and eventually the static CCL
resistivity.

Finite proton conductivity qualitatively does not change the

results. Substituting the Ohm’s law j' = —¢°i7'/0% into eq 3

we get
azﬁl o dﬁl
2 il 201 Lol _
e——=¢e"(C +¢ + i@ —_— =0
Py ( M) T ~ ,
i'(1) =i (17)

where ¢ is the dimensionless Newman’s reaction penetration

depth
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~0
side of eq 4, " @+ %" + iyzd)El) calculated at the frequency of 35
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o,b
€= "3
iyl (18)

and o, is the CCL proton conductivity. Numerical solutions of

systems (4) and (17) give the spectra shown in Figure 4. The
CCL proton conductivity used in the calculations is 15 mS cm™;
the other parameters are listed in Table 1. Comparing Figures 2
and 4, we see that finite proton conductivity increases the CCL
impedance; however, the qualitative trend of impedance
reduction upon increase in k in both figures is the same. For
example, with k = 3, the total CCL polarization resistivity in
Figure 4a is reduced by a factor of 2.

CCL Static Resistivity and Polarization Curve. From eq
14, equations for the static CCL resistivity and polarization
curve can be derived. For brevity, the CCL “post-oscillating”
steady state at ®—0 and k > 0 will be referred to as the k-state.
To understand the numerical results, it is advisable to calculate

the CCL static resistivity R, = lim_,, Z in the k-state. From eq
14, we find

~ 2

Ry

T D& + 2k)tanh(g) + ip/cosh(d)) (19

where ¢ = e’/ D,,. Consider first the case of the small cell
current density. Since ¢p ~ \/% , we can expand eq 19 in Taylor
series at ¢ = 0. Keeping two leading terms, we get
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Figure 4. (a) Nyquist spectra of the CCL with the finite rate of proton
transport. Indicated are the values of parameter k; the cell current
density is 1 A cm™, and the CCL proton conductivity is 15 mS cm™.
The other parameters are listed in Table 1. (b) Frequency dependence

of the imaginary part of impedances in (a).

- 1

i~ 24k
T+ )y,

3(1 + k)*D,,

, — <1
(20)

Here, the problem of CCL impedance only is considered, and
¢{ is the static oxygen concentration at the CCL/GDL interface.
Without loss of generality, this concentration can be set equal to
the reference oxygen concentration, leading to & = 1. Keeping
the concentration factor in eqs. 19—25 would make the formulas
more cumbersome only but it would not change the physics
and/or scaling. The inequality ]70 /D, <1 in the dimension

form reads jo/(4FDgyce¢/l;) << 1, meaning that the cell current
density must be much less than the characteristic current density
4FDc..¢/1, of oxygen transport in the CCL.

Evidently, the first term in eq 20 is the faradaic (charge-
transfer) resistivity R, and the second term gives the resistivity
due to finite rate of oxygen diffusion. As can be seen, oxygen
pumping lowers R, by the factor of (1 + k). Note that
nonuniformity of the static oxygen concentration doubles the
oxygen transport resistivity. Indeed, at k = 0, the second term in
eq 20 in the dimension form is

2w,
T 3(4FD,c.)

(2.8

(21)

which is twice larger than the oxygen transport resistivity R,
under negligible static oxygen transport loss in the CCL."* Thus,
it makes sense to write eq 20 in the form

1 1 1
~ — + — + K
(1+k)j, 3(1+kD, 3(1+kD,

R,
(22)

where the second term on the right side is the oxygen transport
resistivity at weakly nonuniform static oxygen concentration

https://doi.org/10.1021/acs.jpcc.4c01010
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(%) through the CCL and the last term is the transport
resistivity due to £°(%) non-uniformity. In the dimension form,
eq22is
b bl,
~ +
(1 + k)]o 3(1 + k)4FDoxCref
bl,

+
3(1 + k)*4FD,

Ry

(23)

The static polarization curve of the CCL in the k-state is
obtained from equation

o,
()jo

xCref

=R,
(24)
Integrating eq 24 with ﬁk, eq 22, and omitting insignificant
integration constant, we come to the low-current curve

0 In(fo)

T T

Jo
3(1 + k)*D,,

Jo
3(1 + k)D,,

(25)

Obviously, the first term is the Tafel activation overpotential,
and the sum of the second and third terms is the oxygen
transport overpotential.

Importantly, all the terms in eqs 22 and 25 decrease with the
growth of k. This means that the resonance pumping of oxygen
concentration at the CCL/GDL interface with the amplitude
factor k, in the limit of zero @ transfers the system to a new
steady-state with >(1 + k) times lower static resistivity. More
specifically, eq 25 shows that in the k-state, the ORR activation
overpotential is reduced by the factor (1 + k), and the transport
overpotential is reduced by the factor > (1 + k).

In the opposite limit of large current density, the leading term
of asymptotic expansion of eq 19 over large ¢ is
L5
D

ox

2
Rpt e,
(1 + 2k),/j, D,

In the dimension form, eq 26 reads

lt
4F. Doxcrefio

Integrating eq 24 with R, eq 26, we find

D, (28)

At large cell currents, the transport and reaction activation
overpotentials are merged into one term. The Tafel exponential
dependence of current on the overpotential vanishes, and we get
amuch slower quadratic dependence instead. However, as in the
low-current limit, with the growth of k, the resistivity and
overpotential decrease. Note that the k-state at high currents is
even more beneficial as the reduction factor (1 + 2k) in eq 26
grows with k faster than the low-current factor (1 + k) in eq 22.

Figure 5a demonstrates lowering of the CCL resistivity R; in
the k-state, eq 19, in the range of cell current densities from 10
mA cm ™ to 2 A cm ™ for the set of parameters k. As can be seen,
with k = 3, the effect at j, = 1 A cm ™ is dramatic: the lowering of
R, is about an order of magnitude. Figure Sb shows the static
polarization curves of the CCL for the same values of parameter
k. Here, the overpotential 7, is calculated by numerical

(26)

L 2b
T (14 2k)

Ry

(27)

4

~0
e ™ T ok
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Figure 5. (a) Dependence of CCL static resistivity R, eq 19, on the cell
current density j, for the indicated values of parameter k. (b) Static
CCL polarization curves for the same value of k.

integration of R, eq 19, over jo‘ At 1 A cm™ and k = 3, the
CCL overpotential decreases from 200 to 35 mV (Figure Sb).

Spectra from the 1d + 1d Cell Impedance Model. In
practice, direct application of the oxygen concentration
oscillations at the CCL/GDL interface is hardly feasible.
However, the oxygen concentration can be perturbed in the
cathode channel by applying pressure and/or flow velocity
oscillations at the channel inlet. Figure 6 shows the spectra
calculated using the full 1d + 1d impedance model,'>'® which
takes into account oxygen transport in the air channel and GDL
and proton transport in the CCL. The air flow stoichiometry is 4
= 10, the GDL oxygen diffusivity is taken to be 0.02 cm*s™, and
the cell current density is 0.4 A cm™?; the other cell parameters
are listed in Table 1. The oxygen concentration &, (z = 0) at the
channel inlet (z is the coordinate along the channel) is perturbed
according to &,(0) = kij,, where ;' is the applied overpotential
perturbation. In other words, the inlet pressure and oxygen
concentration oscillate in phase with the overpotential. The flow
velocity oscillations induced by the inlet pressure perturbation
are calculated as described in."”

Calculations show that at high air flow stoichiometry, the
applied oscillations of the inlet oxygen concentration propagate
down the channel with no or minor variation in the phase.
Moreover, at low frequencies, the GDL does not change the
phase of the transported oxygen concentration oscillations. Both
effects allow the low-frequency oscillations of inlet oxygen
concentration to penetrate the CCL/GDL interface with no
phase change. This provides significant reduction of the cell
impedance at frequencies below 5 Hz and of the static cell
resistivity (Figure 6).

Kim et al.'"® and Hwang et al.'” applied harmonic oscillations
of the cathode flow velocity and measured significant improve-

https://doi.org/10.1021/acs.jpcc.4c01010
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Figure 6. (a) Nyquist spectra calculated for the indicated parameters k
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density is 0.4 A cm™?; the other parameters are listed in Table 1. (b,c)
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ment of the PEMFC performance. Figure 7 shows the
experimental polarization curves'® at zero (VPP = 0) and non-

—— 0Vpp,0Hz
8 —— 10 Vpp, 10 Hz
7
>
% 6
©
>
5
4
0 2 4 6 8 10 12 14
Current /A
Figure 7. Cell polarization curves measured at zero (0 V,,,, 0 Hz) and

non-zero (10V,,, 10 Hz) flow velocity oscillation amplitude in

experiments of Kim et al.’®.
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Zero (IOVPP) amplitudes of the inlet flow velocity oscillations.
The flow velocity oscillations were produced applying 10 Hz
pressure oscillations by means of acoustic woofer; V,,, is the
potential applied to the woofer. As can be seen, flow pressure/
velocity oscillations dramatically improve the cell performance.

Kim et al. explained the effect by improved oxygen diffusive
transport in porous layers, although no mechanism of this
improvement has been discussed. In their experiments, no
external potential perturbation has been applied to the cell;
however, flow pressure/velocity oscillations inevitably generate
this perturbation, and the improvement of cell performance
could be due to the mechanism described above. Further
experiments of this type are highly desirable.

Resonance Nature of k-States. Equations 3 and 4 are
obtained from the dimensionless versions of eqs 1 and 2 by
substitution of Fourier transforms

yE& D =57 ® +7' & @)exp(ial), 'l <5
into egs 1 and 2, where ¥ stands for 7, %, and j. Expanding
exponents in eqs 1 and 2 in Taylor series, keeping two leading
terms, subtracting the static equations, and neglecting the terms
with perturbation products, we get eqs 3 and 4.

Consider eq 29 written for ¢

(29)

&(x) = °(x) + &'(%, @)exp(iaf) (30)
At X =1 we get

(1) = & + ki exp(iaf) (1)
In the limit of @ = 0, from eq 31 we find

& =2¢ + ki (32)

where the subscript 1 marks the values at ¥ = 1. Thus, the “post-
oscillatory” steady state corresponding to k > 0 (the k-state)
differs from the steady state corresponding to k = 0 by a small
constant additive kﬁll to the oxygen concentration ¢’ at the
CCL/GDL interface. Surprisingly, this small additive dramat-
ically decreases the static cell resistivity.

It is important, however, that in eq 31, the additive amplitude
kﬁll is proportional to the overpotential amplitude. At finite @,
this proportionality provides resonance character of impedance
lowering: upon increase in ORR overpotential, the oxygen
concentration also increases, reducing the system impedance. In
the limit of @—0, this resonance transfers the system to the
steady state with strongly reduced resistivity. It follows that the
static k-states could be reached only from the transient k-states
by lowering the AC signal frequency.

B CONCLUSIONS

A recent model for the cathode catalyst layer impedance under
simultaneously applied oscillations of overpotential and oxygen
concentration is extended to take into account nonuniformity of
the static oxygen concentration through the CCL depth.
Analytical solution for the CCL impedance at the cell current
density of 1 A cm™ under simultaneously applied in-phase
oscillations of the oxygen concentration and overpotential is
derived. Equations for the static cell resistivity and polarization
curve are obtained. As in the low-current case, an increase in the
amplitude of applied perturbations of the oxygen concentration
leads to dramatic reduction of the CCL low-frequency
impedance and static resistivity R;. At low currents, the faradaic
resistivity is reduced by a factor of (1 + k), and the oxygen

https://doi.org/10.1021/acs.jpcc.4c01010
J. Phys. Chem. C 2024, 128, 7447—-7454


https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01010?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01010?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01010?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01010?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01010?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01010?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01010?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01010?fig=fig7&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c01010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

transport resistivity is decreased by a factor of > (1 + k), where k
is the ratio of the applied oxygen concentration to overpotential
amplitudes. At large currents, the faradaic and transport
resistivities are merged in one term, which is reduced by a
factor of (1 + 2k). The effect of PEM fuel cell static resistivity
reduction is confirmed numerically for realistic operating
conditions by means of the 1d + 1d impedance model, assuming
that the inlet cathode pressure and oxygen concentration
oscillate in-phase with the applied AC perturbations of the
overpotential. If the air flow stoichiometry is large, low-
frequency inlet oxygen perturbation penetrates to the CCL/
GDL interface with no or minimal phase change, providing
reduction of the cell impedance and static resistivity.
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B NOMENCLATURE

~  marks dimensionless variables

b ORR Tafel slope, V

Cy double-layer volumetric capacitance, F cm™

¢ oxygen molar concentration in the CCL, mol cm™

¢, oxygen molar concentration in the channel, mol cm™
¢ reference oxygen concentration, mol cm™

D,, oxygen diffusion coefficient in the CCL, cm® s~

F  Faraday constant, C mol™*

f  frequency, Hz

G

. . . . <11
dimensionless concentration admittance ¢/ i,

j  local proton current density, A cm™>

2

jo  cell current density, A cm™

i imaginary unit

i~ ORR volumetric exchange current density, A cm™
k  concentration amplitude factor, eq *

I, catalyst layer thickness, cm

R static resistivity, Q cm?

R, static charge-transfer resistivity, Q cm®

t time, s

x  coordinate through the cell, cm

Y dimensionless electric admittance j' /ij'

z  coordinate along the cathode channel, cm

Z  CCL impedance, Q cm®

Z. charge-transfer impedance, eq "%, Q cm?

Zyw Warburg finite length impedance, eq ', Q cm?

B SUBSCRIPTS:

0 membrane/CCL interface
1 CCL/GDL interface
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B SUPERSCRIPTS:

0 steady-state value
1 small perturbation amplitude

B GREEK:

dimensionless Newman’s reaction penetration depth, eq '
ORR overpotential, positive by convention, V

amplitude of applied overpotential perturbation, V
dimensionless parameter, eq

dimensionless parameter, eq

angular frequency of the AC signal, s

8

LTI
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