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A model-based impedance spectroscopy is used to determine proton conductivity, oxygen transport parameter, double layer
capacitance and oxygen reduction reaction (ORR) Tafel slope in the Fe-N—C cathode catalyst layer (CCL) of a PEM fuel cell.
Experimental spectra of two cells differing by the membrane thickness only are processed using a physics—based model for
PEMFC impedance. The spectra have been measured in the range of current densities from 25 to 800 mA cm 2. The ORR Tafel
slope of both the cells shows almost linear growth with the current density. In one of the cells, the CCL proton conductivity o,
strongly decays at the current density of 100 mA cm™?; this decay is accompanied by the step growth of the double layer
capacitance. Other minor variations of proton conductivity and double layer capacitance with the cell current occur also in a
counterphase; presumed origin of this effect is discussed. The oxygen diffusion coefficient in the cathode exhibits explosive growth
with the cell current. We attribute this effect to formation of temperature and pressure gradients in the CCL due to strongly
non-uniform distribution of ORR rate in the electrode.
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Unique properties of platinum as a catalyst of electrochemical
reactions provided worldwide use of this precious metal in fuel cell
studies and technology. However, high Pt cost limits marketing of
Pt—based devices and vehicles. Standard porous Pt/C—based catalyst
layer requires 0.4 mgp, cm ™2, which translates to nearly 100 g of
precious metal for a 100 kW automotive PEM fuel cell stack.
Clearly, a less expensive alternative is highly desirable.

At the moment the most promising alternative to Platinum Group
Metals (PGMs) Oxygen Reduction Reaction (ORR) catalysts is a
class of electrocatalysts consisting of atomically dispersed transition
metals (Fe and Mn) in a matrix of carbon and nitrogen, so called
M-N-C materials." Such types of PGM-free catalysts are in-
expensive and possess reasonable activities under fuel cell operation
conditions, reaching up to 30% of PGM catalysts activity.'~ It was
shown computationally and experimentally that catalytic activity
towards ORR can foremost be attributed to transition metal M
coordinated with several nitrogen atoms—M-N,.*® In order to
increase activity of M-N-C electro-catalysts, several synthetic
approaches were developed, mainly based on the principle to either
increase the density of M-N; sites or to improve their accessibility
through the proper integration into the triple phase boundary.” It
should be noticed that significant progress in the development of
PGM-free ORR catalysts was achieved not only in academia and
National Laboratories, but also in the industrial sector. For example,
state-of-the-art Fe-N-C catalysts are commercially available on
market from the Pajarito Powder, LLC (Albuquerque, NM, USA).
These materials are manufactured by proprietary VariPore™ method
with a fine control of surface chemistry, bulk chemical composition,
level of graphitization and morphology. Due to availability of these
materials at the level of hundreds of grams in a single batch, this
study was performed with a commercial material from Pajarito
Powder, LLC marketed as PMF-011904.

*Electrochemical Society Member.
“E-mail: A.Kulikovsky @fz-juelich.de

Electrochemical Impedance Spectroscopy (EIS) is an extremely
powerful technique for fuel cell characterization and testing.>™'® All
transport and kinetic processes in a cell are eventually linked to
transport and conversion of charges, which makes every process
“visible” via impedance spectroscopy. However, understanding
impedance spectra requires rather sophisticated modeling. After
pioneering work of Springer et al.'' and Eikerling and Kornyshev,'?
over the past two decades, a clear trend of moving from simple
equivalent circuits toward physics—based impedance models has
been demonstrated in literature.'>=! There is growing interest in
complementary impedance technigues, such as concentration/pres-
sure impedance spectroscopy>> > and distribution of relaxation
times (DRT).*® Generally, any macroscopic transient performance
model for a fuel cell can be converted to impedance model by
standard procedure of linearization and Fourier—transform.
However, complexity of the resulting linear system of equations
for perturbation amplitudes may limit the use of this system for
processing of experimental data. A balance between model com-
plexity and applicability for spectra fitting has to be found.

Proton conductivity o, of the cathode catalyst layer (CCL) is one
of the key parameters determining fuel cell performance. Poor o,
leads to strongly non—uniform distribution of ORR rate over the
CCL thickness leading to doubling of the apparent Tafel slope.'>?’
Measuring of o, in a working fuel cell is, however, a difficult task.
The most reliable values of o, in classic Pt-based PEMFCs have
been obtained from EIS of cells working in a hydrogen pumping
regime with zero oxygen concentration on the cathode side,*®*° In
this way, the dependencies of o, on ionomer—to—carbon (IC) ratio,
relative humidity (RH) of the air flow, temperature etc. have been
obtained.*

However, much less is known on o, in an operating cell. Under
current conditions, water generated in the CCL, temperature effects,
formation of foreign cations, the presence of ORR intermediates and
carbon oxides could strongly affect o,,. Generally, o, can be easily
determined if the high frequency (HF) part of the N}/quist spectrum
follows the theoretical straight line of 45° slope.'*** Accurate EIS
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Figure 1. Electric circuit representing Eq. 1 for the total cell impedance. For
discussion of elements see text.

measurements of o), in a Pt-based PEMFC at the cell currents below
200 mA cm 2 have been done using the spectra having this property
in Ref. 41. However, in many cases, the slope of HF part of the
spectra greatly exceeds 45°, making determination of ¢, a much
more challenging task. To the best of our knowledge, so far 0, in a
working Fe-N-C-based cell has been measured only in Ref. 42.
However, HF part of the spectra in Ref. 42 had a slope largely
exceeding 45° and to fit this slope, a non—uniform distribution of o,
through the CCL depth has been assumed (for detailed discussion of
this issue see Ref. 43). This assumption led to overestimated values
of 0, in Ref. 42.

Below, we employ a numerical model for PEM fuel cell
impedance**** to measure proton and oxygen transport parameters
of two PEM fuel cells equipped with the same Fe-N-C-based
cathodes and differing by the membrane thickness only. Processing
of spectra from two cells gives us more confidence in the resulting
parameters (see below). The model is fitted to the spectra measured
for the set of current densities from 25 to 800 mA cm 2. In this
work, o, is assumed to be uniform through the CCL depth, and along
the electrode active area. The results show strong decay of proton
conductivity at the cell current of about 100 mA cm ™2, unexpected
strong correlation between o, and the double layer capacitance,
significant non—uniformity of the ORR rate over the CCL depth due
to relatively low o,, and explosive growth of the CCL oxygen
diffusivity with the current density. Estimates show that the non—
uniformity of the ORR rate through the CCL depth could lead to the
temperature and pressure gradients in the CCL. Positive effect of
these gradients is CCL “cleaning” from liquid water, making the
porous media more transparent for oxygen transport.

Experimental

The commercial, PGM-free electrocatalyst manufactured by
Pajarito Powder and marketed as PMF-011904 was used in the
present study. This material was provided to a commercial MEA
manufacturer, IRD Fuel Cell, for the integration into the Catalyst
Coated Membrane (CCM) electrode by their proprietary digital
printing method. Electrochemical evaluation of PGM—free mem-
brane electrode assemblies (MEAs) have been performed using a
custom test station, designed at the Hawaii Natural Energy Institute
and characterized by dynamic response time <0.1s. Membrane-
electrode assemblies (MEAs) with active area size of 23 cm” were
tested at 80 °C using a cell hardware manufactured by Fuel Cell
Technology Inc. The anode and cathode were fed with H, and O,
respectively, at constant flow rates of 0.5 slpm at 100% relative
humidity and 150 kPa absolute backpressure for both electrodes. EIS
measurements were performed under galvanostatic control of the
cell current and recorded using an integrated proprietary multi-
channel impedance module. The selected frequency range for the
EIS experiments was 0.05Hz to 10kHz and the amplitude of
sinusoidal current signal corresponded to a cell voltage perturbation
of 10 mV or lower to ensure that the measured impedance response
satisfies linearity condition. The cell voltage was monitored during
3-5 min after applying current to ensure that the cell reached steady

state before EIS measurements. The accuracy of EIS measurements
was about 1%.

Model

The impedance model utilized in this work is based on the
transient macro-homogeneous model for the cathode-side
performance.**** The performance model includes oxygen transport
equations in the cathode channel, gas—diffusion layer and in the
CCL. Oxygen transport along the channel and through the GDL and
CCL depth are linked in a 1d + 1d manner. In the CCL, oxygen
transport is coupled to the proton charge conservation equation by
Tafel rate of the ORR. Boundary and interface conditions express
continuity of the oxygen concentration and flux at the channel/GDL
and GDL/CCL interfaces. Oxygen flux at the membrane surface and
proton current at the CCL/GDL interface are assumed to be zero.

Linearization and Fourier—transform of the performance equa-
tions lead to the system of linear equations for the perturbation
amplitudes of oxygen concentration and local overpotential. ***> The
cell is separated into N = 8 virtual segments; numerical solution of
the linear system results in the local model impedance Z,, of each
segment. The total cell impedance Z,,, is calculated from

1

1 1
- = —Zf:]:l ——, where Z,, , =
th N Zseg, n

—1
+ iwa] + RH

mod,n

(1]

Here, Z,, is the segment impedance, Z,,q,, is the model
impedance, Rypg is the high-frequency (membrane) resistance.

Equation 1 is equivalent to the circuit depicted in Fig. 1. The
external capacitance C,,, (Fig. 1) models capacitance of a double
layer (DL) at the catalyst/water interface. This interface has no direct
connection to Nafion film and hence it does not participate in the
ORR. However, water in the cell is a weak electrolyte and the DL at
the catalyst/water interface contributes to the cell impedance.
Introduction of C,,, improves the fitting quality of standard Pt/
C-based PEMFCs spectra in the HF region* (see also discussion
below).

The impedance model includes the following parameters: the
ORR Tafel slope b, the CCL proton conductivity o, the double layer
capacitance Cg, and the CCL and GDL oxygen diffusivities D,,, and
D, respectively. Two more parameters are shown in Fig. 1: these are
Ryrr and C,,; thus, in total seven parameters have been fitted to
experimental points. The merit function to be minimized is

Zi{(Re(Ztot,i) - Re(zexp,i))z + (Im(ztot,i) - Im(zexp,i))z} [2]

where Z,, is the experimental impedance and the summation is
performed over all frequency points.

Fitting has been performed using a custom Python code. The
complex linear boundary—value problem for the perturbation ampli-
tudes has been converted to equivalent real system for the real and
imaginary parts of unknown functions. This system has been solved
using the boundary value solver solve_bvp from the SciPy library.
Fitting itself has been done using the nonlinear least—squares
procedure least_squares from SciPy. The code has been parallelized
using a standard message passing interface (MPI) library to take
advantage of the multi—core architecture of modern processors.
Fitting of a single spectrum on a 32—core cluster of 1.4-GHz ARM
processors takes about one hour.

Results and Discussion

Figures 2 and S1 (supplementary material is available online at
stacks.iop.org/JES/167/084501/mmedia) show experimental and
fitted Nyquist spectra for the cell with 125—um thick membrane.
The frequency dependency of the imaginary parts of the impedance
is presented in Figs. 3 and S2 for the same conditions. At the highest
frequencies between 5 kHz and 2 kHz, the Nyquist plot in Fig. 2b,
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Figure 2. Experimental (solid points) and fitted model (open circles) Nyquist plots of the Fe-N—C—based PEM fuel cell with the Nafion membrane of a thickness
125 pm. The experimental and model points are shown for the same set of frequencies. Right panels depict the high-frequency part of the spectra. A dotted,

straight line of 45° is shown as a guide for the eye.
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Figure 3. Experimental (solid points) and fitted model (open circles)
frequency dependencies of imaginary part of impedance.

(right panel) exhibits a quite large curvature, an arc. We attribute this
arc to impedance of the external capacitance C,; however, the
effect of C,,, is localized at the frequencies above 2 kHz.

At 400 mA cm 2, the HF arc is followed by a straight line with
the slope of 45° (Fig. 2b, right panel). This straight line exhibits
impedance due to proton transport in the cell.'>*® At 50 mA cm ™2,

the slope of the straight line is somewhat lower due to superposition
of proton transport and faradaic impedance. The characteristic
angular frequency of proton transport is
30,
Cal?

(3]

wp

where C,; is the catalyst/Nafion double layer capacitance and [, is the
CCL thickness. With the data from Table I, we get w ~7's - . The
characteristic frequency of faradaic (charge—transfer) processes is
proportional to the cell current density:
Jo
Wep 4
a = el (4]

where b is the ORR Tafel slope per exponential basis. With the data
from Table I, b = 0.03 V and j, = 0.05 Acm ™2, we obtain w,, ~
65", ie., the charge—transfer and proton transport impedances are
overlapping. However, for the cell current of 400 mA cm™>, we find
wee =~ 30s !, ie., at high cell currents, the proton transport and
faradaic processes are well separated on the frequency scale. As a
consequence, the straight line in Fig. 2b (right panel) has a slope of
45°, while in Fig. 2a (right panel) the slope of the spectrum is lower
due to faradaic impedance. Note that the frequency dependencies of
the proton transport and charge—transfer processes are quite
different,”® and the model is able to separate them at all the currents.

The model does not fit well the imaginary part of impedance at
the highest frequencies between 3 and 5 kHz (Figs. 3a, 3b). At high
cell current, the model does not describe the irregular behavior of
Im(Z,,,) at the lowest frequencies, between 0.1 and 0.3 Hz (Fig. 3b).
This behavior is seemingly due to transport of liquid water in the
GDL and channels.*® In the frequency range from 0.3 Hz to 3 kHz,
i.e., over four decades, the model points are very close to the
experimental data (Fig. 3). The same trends demonstrate fitted
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Table I. Geometrical, operating and transport parameters of the
cathodes. Parameters marked with asterisk * are taken for the
estimates only; the exact values resulted from fitting are shown in
Fig. 4.

Catalyst loading, mg cm ™2 6.0
Catalyst layer thickness [, pm 170
Membrane thickness [ , ym 125/175
Gas diffusion layer thickness /, m 235
Relative humidity of pure oxygen 100%
Cathode absolute pressure, kP 150

Cell temperature, K 273 + 80
Oxygen flow stoichiometry >9.5
CCL heat transport coefficient A, Wm™'K ™" 0.274
ORR entropy change, J mol 'K~ 326.36"
CCL proton conductivity” 0ps S em™! 0.01
CCL double layer capacitance” Cg;, F cm > 30

ORR Tafel slope” b, mV/exp 50

ORR overpotential” 7 at 400 mA cm ™2, V 0.5

spectra of the MEA with the membrane thickness of 175 um (Figs.
S3 and S4).

The cell parameters derived from fitting are shown in Fig. 4. The
cell with membrane thickness of 175 pm exhibits extremely high
ORR Tafel slope at the cell currents above 400 mA cm”~?; the
respective points are hardly reliable and not shown in Figs. 4a, 4c.
However, below 400 mA cmfz, the ORR Tafel slopes from the two
cells are very close to each other, increasing almost linearly with the
current density (Fig. 4a).

Since pure oxygen at the high stoichiometry (>9.5) has been
used, the impedance due to oxygen transport in the GDL and channel
is negligibly small and the model was not able to capture it. Of large
interest are the plots of CCL proton conductivity o, and double layer
capacitance C; (Figs. 4b, 4c). In 125 gm-membrane cell, at the cell
current of 100 mA cm ™2, o0, rapidly decreases from the low—current
value of 15-18 mS cm ™' down to 4-10 mS cm™" at higher currents
(Fig. 4b). In the 175 pm-membrane cell, o, varies in the range of 4
to 13 mS cm™' showing no distinct correlation with j, (Fig. 4b).
However, the same rapid decay at 100 mA cm™> exhibit the proton
conductivity curves for the cells with membrane thicknesses of 15
and 25 pm (to be published elsewhere).

The variations of o, with the cell current are accompanied by the
variations of double layer capacitance (Fig. 4c). At high currents, Cy,
in both the cells varies in the range of 30 to 60 F cm_3, while at low
currents, the 125-pum cell exhibits low values of Cy, =~
10-15 Fem™>. Note that the CCL proton conductivity and double
layer capacitance change with the cell current exactly in counter-
phase: large o, corresponds lo low C; and vice versa (Figs. 4b, 4c).
The impedance measurements have been performed using the
pristine MEAs at the current densities in the ascending order,
starting from 25 mA cm 2. Rapid decay of proton conductivity in
the 125—um cell at the cell current of 100 mA cm ™2 (Fig. 4b) could
be due to dissolution of Fe-N centers and poisoning of Nafion by
Fe*™ ions. The equilibrium potential for Fe>™/Fe*™ formation is
0.77 V vs RHE.* Polarization curve of the 125 yum—membrane cell
shows that the cell potential drops below this value at the current
density around 100 mA cm ™2 (Fig. 5), which is a strong argument in
favor of this mechanism. Strong affinity of Fe®" cations to fixed
SO;~ groups in the Nafion film may lead to formation of bind
complexes 3S0; /Fe*" (Refs. 50, 51). Close to the surface of
electron—conducting phase, 3505 /Fe*t dipoles could form a kind
of Stern double layer (DL), which would contribute to the total DL
capacitance. Another reason for rapid conductivity decay in Fig. 4b
(solid curve) could be removal of liquid water from the CCL by
pressure gradient (see discussion below). This conjecture agrees with
the fast growth of CCL oxygen diffusivity at low currents (Fig. 4d).
The last option is destruction of Nafion side chains due to attack of
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Figure 4. Fitting parameters for the cells with membrane thickness of 125
and 175 pm. See text for discussion.
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radicals }S)roduced in Fenton’s reaction of Fe*'/Fe’' ions with
peroxide.”” This mechanism has been investigated with regard to
bulk Nafion degradation®>>*; however, kinetic studies show that the
proton conductivity degradation rate associated with Fenton’s
reactions is rather slow, typically it shows up on a scale of tens of
hours.>? Furthermore, this mechanism does not explain the observed
simultaneous growth of double layer capacitance (Figs. 4b, 4c).

In both the cells, the external capacitance C,, varies from
10°*Fem ™ at low cell currents to about 0.3Fcm > at high
currents. In Pt/C-based PEMFCs, C,,, is about 10 Fem ™3, and it
strongly affects the HF part of the spectra.*’ Here, the upper value of
C..; is much less than the catalyst/Nafion double layer capacitance
(10 to 50 Fem ™3, Fig. 4c). Irregular behavior of C,,, could be due to
uncontrollable amount of impurities in the cathode. Due to small
value, C,,, practically does not change the shape of model spectra at
the frequencies above 2 kHz.

The CCL oxygen diffusivity D, exhibits explosive growth with
the cell current, rapidly increasing to extremely high values
(Fig. 4d). At high cell currents, the contribution of oxygen transport
impedance to Z,,, becomes negligibly small and the model was not
able to correctly capture it. Rapid growth of D,,, with the cell current
can be explained by formation of temperature and pressure gradients
“pushing” liquid water out of the CCL. The temperature and
pressure gradients could arise due to non—uniform distribution of
the ORR rate through the CCL depth.

Indeed, the proton conductivity on the order of 10 mS ecm™"' is
too low for the thick 170—um cathodes used in both the cells. The
characteristic current density j for proton transport in the CCL is¥’

o,b
fp:j’—t [5]

With the parameters from Table I, we get j ~ 30 mA cm ~2. This
means that already at the current density of 50 mA cm 2, the ORR
rate peaks at the membrane surface, while the remaining part of the
catalyst layer is practically inactive. At the high CCL oxygen
diffusivity, the distribution of ORR rate Qpgrr (A cm~?) in the
CCL at high currents is described by

Oorr = —% = 212 2(1 + tan (g(l — 55))) [6]

where ¥ = ¥/, is the normalized distance through the CCL depth,
and [ is the solution to equation

) &t

2) " g 7l

I3 tan(

Figure 6 shows the shape of Qpgrr for the parameters in Table |
and the cell current density of 400 mA cm™2. Due to poor proton
conductivity, the ORR rate is strongly non—uniform along X': it peaks
at the membrane interface, where the “expenses” for proton transport
are lower. This regime of CCL operation leads to doubling of
apparent Tafel slope, which is detrimental for the cell
performance Note that the ORR Tafel slope in Fig. 4a is the
effective kinetic value, which does not include proton transport
effects. Doubling of apparent Tafel slope means that at large
currents, the slope of polarization curve would be twice larger
than the slope depicted in Fig. 4a.

Two orders of magnitude difference between the ORR rate at the
membrane surface and at the CCL/GDL interface (¥ = 1) in Fig. 6
means that the reversible and irreversible reaction heat is released at
the membrane surface. This could lead to quite substantial tempera-
ture gradient AT over the catalyst layer thickness. In the regime
shown in Fig. 6, the temperature drop AT = Ty—T, over the
electrode thickness is given by>*

AT:(TIAS
4F

»
+ oy + b)M 8]
Ar

Here, Ty, T are the temperatures at the membrane surface and CCL/
GDL interface, respectively, AS is the entropy change in the ORR,
7, is the overpotential at the membrane surface. Eq. (8) contains the
CCL thermal conductivity Az, which is not known for the Fe-N-C
systems discussed. However, to a first approximation Ay can be
taken equal to the thermal conductivity of a standard Pt/C—based
cathode. With the data from Table I, 7; = 273 + 80 K and j, = 0.4 -
10* Am™2, we get AT ~ 2.1 K. This is quite a significant gradient,
which may lead to pressure—induced flow of liquid water in the CCL.
As gaseous oxygen transport is nearly three orders of magnitude
faster than the transport in water, cleaning of CCL from liquid water
would dramatically increase the effective oxygen diffusion coeffi-
cient of the porous media (Fig. 4d).

Finally, it is worth noting that the goal of model-based
impedance spectroscopy is to extract physical transport parameters
from the spectra. Verification of the mechanisms discussed above
would require more EIS studies in different operating conditions as
well as atomistic and computational fluid dynamics modeling.

Conclusions

A model-based analysis of experimental impedance spectra of
the cells with Fe-N-C-based cathodes has been performed. The
spectra of two oxygen—fed cells differing by the membrane thickness
only have been measured in the range of cell currents from 25 to
800 mA cm ™2 A numerical impedance model which includes proton
and oxygen transport in the catalyst layer has been fitted to
experimental spectra.

® The ORR Tafel slope exhibits almost linear growth with the
cell current density, from 50 mV/decade at low cell current up to
180 mV/decade at 800 mA cm >

® The CCL proton conductivity o, in the 125—um cell exhibits
rapid decay at the cell current of 100 mA cm™~; in the 175—um cell
and in the 125—um cell at higher currents it varies in the range of 3 to
10 mS cm™', without any clear dependence on the cell current.
However, o, exhibits strong correlation with the double layer
capacitance Cg: low o, corresponds to large Cgy and vice versa.
Possible mechanism of ap decay is dissolution of Fe-N-C centers
with formatlon of Fe**cations. Due to strong affinity to SOz~
groups, Fe** ions lower the Nafion proton conductivity. In addition,
38057 /Fe*™ dipoles located close to the electron—conducting phase
could increase the DL capacitance. Another reason for concerted
counterphase variation of o, and C, could be liquid water removal
from the catalyst layer by pressure gradient. The third mechanism of
conductivity loss is Nafion film attack by radicals produced in
Fenton’s reaction of iron ions with peroxide; however, this
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mechanism does not explain the observed simultaneous growth of
double layer capacitance.

® Due to relatively low proton conductivity and large CCL
thickness, the ORR rate is strongly non—uniform through the CCL
depth. Estimates show that this non—uniformity leads to ~ 2K
overheat of the catalyst layer at the membrane surface. The overheat
could induce pressure gradient, pushing liquid water out of the CCL
and clearing void pores for gaseous transport of oxygen. This
mechanism might explain explosive growth of the CCL oxygen
diffusivity with the cell current density derived from spectra fitting.
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