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Impedance spectra of a PEM fuel cell with three Fe-N-C cathodes have been measured under the H,/N, testing
regime. The spectra have been fitted using a recently developed physics-based impedance model, which takes
into account finite proton (0,) and electron (o,) conductivity of the oxygen-free cathode catalyst layer. Fitting
allowed to extract numerical data for g, 0., the double layer capacitance, and the inductance of cables used for
measuring impedance spectra. The values of g, and o, are close to what previously found for standard Pt/C
electrodes, which is found for the first time using PGM-free catalysts. The method enables simultaneous mea-

surement of reference proton and electron conductivity of PEMFC cathode.

1. Introduction

In PEM fuel cells, cathode catalyst layer (CCL) converts electron and
proton currents into flux of water with electrochemically reducing
oxygen. In standard Pt/C electrodes, electrons in the CCL are trans-
ported to the Pt catalytically active sites through the cluster of carbon
particles supporting platinum nanoparticles. The electron conductivity
0, of these electrodes is between 200 and 1000 mS cm ™! [1]; and the
thickness [, is about 10 pm. The voltage loss due to electron transport in
the electrode is V, = jyl,/0., where jj is the cell current density. Taking
into account the estimated values of jp = 1 Acm™ 2 0, =200mS cm ™},
and I, = 10 cm, one can get V. ~ 5 mV, which can be safely neglected.

However, high cost of Pt stimulates interest in the development of
platinum group metals-free (PGM-free) electrodes for PEMFCs [2]. One
of the most promising class of PMG-free catalysts to replace Pt are Fe-N-
C materials, which have recently reached outstanding performance in
terms of ORR activity [3]. In these catalysts, the ORR sites have been
proposed to be atomically dispersed iron atom coordinated by nitrogen
atoms on the surface of the carbon matrix [4,5]. Among the different
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classes of Fe-N-C catalysts the materials made by VariPore™ method
(practiced by Pajarito Powder, LLC) possess improved activity and
durability [6-8]. However, even these advanced PGM-free catalysts
compared to Pt/C have a lower mass activity, mainly due to their lower
turnover frequency and active sites density [9]. In order to overcome
these limitations, the thickness of Fe-N-C CCLs is typically in the range
of 100 to 200 um, which is an order of magnitude larger as compared to
the Pt/C electrodes. Taking for the estimate the same carbon support
electron conductivity of 200 mS cm™?, for the voltage loss V, we get 50
to 100 mV, which is significantly high value in comparison to platinum-
based electrodes. Apart from direct potential loss, low o, could affect
the distribution of ORR overpotential through the CCL depth, leading to
additional losses due to non-uniform ORR rate in the electrode [10].
Experimental measurements of o, in Pt/C electrodes are scarce;
perhaps, due to low significance of this parameter for performance of
Pt/C-based fuel cells. Suzuki et al. [1] measured in-plane electron
conductivity of Pt/C electrode using a four-probe method. They re-
ported o, in the range of 100 to 2000 mS cm ™! without distinct cor-
relation with the Pt/C content in the electrode. Du et al. [11] calculated
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o, and 0, using a model of packed spheres representing Pt/C/Nafion
agglomerates in the CCL and performed ex-situ electrochemical im-
pedance spectroscopy (EIS) measurements of electron conductivity of
the catalyst slurry deposited onto a glass substrate. They compared
model results with experimental data and reported o, decreasing from
2000 mS cm ™! to 200 mS cm ™! with the growth of the Nafion content
in the slurry. It is not clear from the publication [8], if and how the Pt/C
content was changed in their experiments. Recently, Ahadi et al. [12]
performed ex-situ four-probe measurements of o, anisotropy in self-
prepared CCLs and reported the through-plane electron conductivity to
be three orders of magnitude lower than the in-plane one. More refer-
ences could be found in a recent review by Tang et al. [13].

In this work, we report a novel method for in-situ measurement of
electron and proton conductivity of the CCL in the Fe-N-C-based cell.
We ran the cell under the H,/N, testing regime and fit a recently de-
veloped model for the CCL impedance to the measured impedance
spectra. Fitting returns o,, o, and the double layer capacitance. The
electron conductivity of the studied electrodes was found to be in the
range of 100 to 1000 mS cm ™~ '. Overall, the method allows one to
perform simultaneous measurements of the reference proton and elec-
tron conductivity of Fe-N-C-based PEMFC cathodes.

2. Model

Following a traditional method, the cell was run under the H,/N,
testing regime flowing pure hydrogen and nitrogen on the anode and
cathode side, respectively. It should be noted, that in contrast to Pt/C,
Fe-N-C catalysts are not active towards hydrogen oxidation reaction.
Measured DC current in the cell of 0.4 to 2 mA c¢cm ™2 could be attrib-
uted to protons produced in carbon corrosion reaction on the cathode
side and consumed in hydrogen evolution reaction on the cell anode.
The cell impedance is determined by charging and discharging of the
double layer on the cell cathode, which includes transport of protons
and electrons to/from the catalyst/electrolyte interface. Due to ten
times lower thickness of the anode catalyst layer, the impedance of
double layer charging and discharging on the anode side could be ne-
glected. Note that small DC proton current in the cell eliminates con-
tribution of bulk membrane to the double layer capacitance.

The impedance model of the oxygen-free catalyst layer used below
is based on the model for PEMFC performance, which takes into ac-
count oxygen transport and finite electron conductivity of the CCL [14].
A basic equation for the CCL impedance has been derived from the
transient proton, electron and oxygen conservation equations in the
electrode. In the limit of zero ORR exchange current density, this model
reduces to the following expression for the CCL impedance [14]:

1 ((1 + )(2k + (1 + k?)cosp) + iqsinp)
ZecL = —

p k(ig — (1 + i)p)sinp @
where i is the imaginary unit, p and q are the dimensionless parameters
| . 1
p= 5—1(1 + —)Q
\ k 2

q = =2k + O ®)

k is the ratio of electron o, to proton 0, CCL conductivity
k=2
% @

and @ is the dimensionless angular frequency
wCyl?
9 )

Here, o is the angular frequency (s™Y), C4 is the volumetric double
layer capacitance (F cm ™), and [, is the CCL thickness. Eq. (1) describes
impedance of double layer charging/discharging supported by proton

Q=
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and electron transport in the CCL. This relation is valid for impedance
of the cell operating in H,/N, regime. Indeed, impedance of proton
transport and hydrogen evolution on the cell anode is negligible, and
hence the dominating contribution to impedance gives the DL capaci-
tance and transport of charged species on the cathode side. Proton
transport in the membrane can be accounted for as discussed below.

Calculating asymptotic expansion of Eq. (1) over Q—oo, and
keeping the single non-vanishing term, we get the high-frequency CCL
resistivity Zg;*[14]:

T o(1+k) (6)
Taking into account Eq. (4) and rewriting Eq. (6) as
1 1 1
W —00 = +
Z¢er, li/o, Lo, 7)

we see that the CCL itself exhibits a “high-frequency” (ohmic) re-
sistivity, which equals to the electronic and ionic resistivities connected
in parallel. The same result has been obtained by Li and Pickup from the
transmission line model of the CCL impedance [15]. From Eq. (7), it
follows that if electron conductivity is large, the HF resistivity of the
catalyst layer tends to zero.

Protons generated on the N, electrode move through the membrane,
and hence the membrane proton resistivity R,, must appear in the ex-
pression for impedance. Last but not least, the AC signal is supplied to
the cell via cables having inductance L.q, which may give quite sub-
stantial contribution to the measured impedance at high frequencies.
Summing all contributions, for the system impedance Z;, we finally get

Zsys = Zccr + iwLlegp + Ry (8)

For the reasons discussed below, R,, in Eq. (8) must be prescribed in
advance. Fitting of Eq. (8) to the measured impedance gives four fitting
parameters: 0, 0, Cq, and L qp.

3. Experimental

The PGM-free catalysts were synthesized by previously reported
method [16], and can be briefly described here as: transition metal
nitrate/s (iron or manganese) was mixed with high surface area silica
(SA = 400 m? g~ 1) and organic precursor using a wet mixing. The
slurry was dried at T = 80 °C for 8 h and heat treated in nitrogen
atmosphere at T = 1000 °C for 90 min. The obtained powder was
immersed into 25 wt% solution of HF for 48 h, filtrated and dried at
T = 80 °C for 8 h. The second heat treatment was done in nitrogen
atmosphere at T = 1025 °C for 45 min. The variations in synthesis
were: sample N2LSA in addition to the organic material Urea was
added, sample N2LDF contains addition of manganese to the iron (Fe-
Mn-N-C) and N2PNN is a N2LSA catalyst which was heat treated after
HF leaching step in ammonia instead of nitrogen. The CCMs from
prepared catalysts were manufactured at IRD Fuel Cells, LLC using
proprietary digital spray coating method.

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 N»
respectively, at constant flow rates of 0.5 slpm at 100% relative humidity
and 150 kPa absolute backpressure for both electrodes. EIS measure-
ments were performed under potentiostatic control of the cell voltage
and in two-electrode configuration, when counter and reference elec-
trodes were connected to the anode, while working and sense electrodes
to the cathode. The cathode potential was set at 0.5 V vs the anode
potential (the cell anode at 0 V was used as reference and counter
electrode). The cell anode works as hydrogen evolving electrode and the
AC voltage perturbation was applied to the cell cathode. The amplitude
of perturbation voltage signal was 10 mV, and a frequency range from
10 kHz to 0.1 Hz was chosen. Measurements were performed with 20 st/
dec for frequencies from 10 kHz to 10 Hz and 10 st/dec for 10 to 0.1 Hz.
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Fig 1. Experimental (points) and fitted model (open circles) frequency dependence of imaginary part of cell impedance.

4. Results and discussion

Preliminary fitting of the Nyquist spectra has revealed the following
problem. The intercept of the Nyquist plot with the real axis (high
frequency resistance, HFR) represents the sum of three resistances in
series: the proton resistance of the membrane, the electronic resistance
of the cell hardware, and the high-frequency resistance of the CCL
given by Eq. (7). The fitting procedure was not able to distinguish the
membrane/electronic resistance R,, and the HFR resistance of the CCL.
An attempt to claim R, in Eq. (8) as a fitting parameter have led to
unrealistically low values of R,,. To resolve the problem, imaginary part
of Eq. (8) has been fitted to imaginary part of experimental impedance

as Im(Zy,,) does not contain pure ohmic contributions. Fitting has been
performed using a custom Python code and the least squares subroutine
from SciPy library. Measured points in the frequency range from 10 to
10000 Hz have been used for fitting. Below 10 Hz the model does not fit
the experimental spectra well, seemingly due to contribution of carbon
corrosion faradaic impedance not described by Eq. (8).

Experimental and fitted model H,/N, frequency dependencies of
imaginary part of impedance of the three samples are shown in Fig. 1.
All the three spectra are fitted very well. The parameters resulted from
fitting are listed in Table 1. Overall, the proton conductivity is close to
the typical conductivity of standard Pt/C electrodes (5-30 mS cm ™!
[17,18]). 0, around 20 mS cm ™~ 1 exhibited by the electrodes N2LDF and
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Table 1

Parameters of three Fe-N-C cathode catalyst layers resulted from fitting.
Parameter N2LDF N2LSA N2PNN
Proton conductivity o, mS cm ! 26.2 17.8 43.8
Electron conductivity o, mS cm ™! 1054 102 174
Double layer capacitance Cg, F cm™> 13.3 17.7 20.4
Cable inductivity L.q, mH 0.265 0.237 0.224

N2LSA is close to proton conductivity of the Fe-N-C based cell operating
in Ho/air regime at the current densities below 75 mA cm ™2 [19].
Twice higher proton conductivity of the sample N2PNN is seemingly
due to higher ionomer content.

Much less is known about electron conductivity of Fe-N-C cathodes.
Fitting gives o, in the range of 100 to 1000 mS cm ™! (Table 1). These
values fall into the range of 100 to 2000 mS cm ! for Pt/C electrodes
reported by Suzuki et al. [1], though the structure of carbon cluster in
Fe-N-C systems may differ from that structure in Pt/C cathodes.

Variation of the volumetric double layer capacitance Cy between
the three electrodes is not large (13 to 20 F cm~3). This value agrees
well with the impedance measurements of this parameter in a working
cell at low currents [19]. C4 values are also confirmed by recent pub-
lications, where measurements were conducted on CCLs fabricated with
a similar Fe-N-C catalysts [20,21].

The order of magnitude of the g, values obtained by our model
fitting correspond to data recently reported in the literature for CCLs
fabricated with similar catalysts [20,21]. Considering that the proton
conductivity within an electrode depend on several factors such as io-
nomer content, catalyst loading, ink solvent, ink deposition method, RH
of measurement, these results confirm the goodness of our model. It is
worth noting close values of the cable inductance (around 0.24 mH)
returned by the fitting procedure in all the three measurements
(Table 1).

The characteristic frequency of proton transport is proportional to
the CCL proton conductivity. As this conductivity is unknown in ad-
vance, fitting requires careful selection of the low—frequency cutoff f;
of the measured points used for fitting. Our strategy was to take f;. as
small as possible based on the quality of fitting the Nyquist spectrum of
Eq. (8) to the experiment. Note that generally, the best strategy for
measuring o, and o, would be fitting of the Nyquist spectra provided
that the membrane/electronic resistance R, is known from independent
measurements.

In Hy/N, mode, current in the Pt/C-based cell arises due to oxida-
tion of hydrogen penetrated through the membrane to the cell cathode,
while in the Fe-N-C-based cell this current is most probably due to
carbon corrosion on the cell cathode. However, in spite of quite dif-
ferent sources of current, the method above is suitable for measuring
cathode electron and proton conductivity in cells of both types. In
particular, the model-based impedance measurements of o, might be
useful for control of carbon support state in long-term cell or stack
operation. It is worth mentioning that the software supplied with
modern EIS-meters allows to code user-defined functions for the cell
impedance and simple Eq. (8) can be used for this purpose.

5. Conclusions

We report a method for simultaneous in-situ measurement of proton
and electron conductivity of the Pt/C and PGM-free cathode catalyst
layer in PEM fuel cells. Experimental impedance spectra of the cell
operating in Hy/N, regime are fitted using a recent impedance model,
which takes into account finite proton o, and electron o, conductivity of
the CCL. The method consists of the following steps:

1. Measuring the cell impedance in Ho/N5 mode
2. Fitting of the function Im(Z¢cr) + wL.yp to the measured imaginary

Electrochemistry Communications 118 (2020) 106795

part of impedance, where Zc¢;, is given by Eq.(1). The fitting para-
meters are 0., 0p, the double layer capacitance Cyq and the cable
inductance L.4. Note the units of Cg and L.gp.

Fitting returns oy, 0., double layer capacitance, and the cable in-
ductance. The proton and electron conductivity of the studied PGM-free
CCLs are close to those parameters in standard Pt/C cells. The method
of electron conductivity determination could be useful for in-situ control
of carbon support corrosion during long-term cell operation.
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