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Abstract

Advances in development of precious-group metal-free (PGM-free) catalysts for the oxygen reduction
reaction (ORR) in fuel cell cathodes have produced active catalysts that reduced the performance gap to
the incumbent Pt-based materials. However, utilization of state-of-the-art PGM-free catalysts for
commercial applications is currently impeded by their relatively low durability. Methods designed to study
catalyst degradation in operating fuel cells are therefore critical for understanding durability issues and
ultimately their solutions. This work reports the use of Fourier-transform alternating current voltammetry
(FTacV) as an electrochemical method for accurately quantifying the electrochemically active site density
of PGM-free cathode catalysts and following their degradation in situ during operation of polymer
electrolyte fuel cells. Using this method, we were able to quantify the electrochemical active site density,
which will enable the elucidation of degradation mechanisms of PGM-free ORR catalysts in situ fuel cells.

Introduction
The rising interest in polymer electrolyte fuel cell
(PEFC) technology,' part of the global shift in
energy production to clean sources,? s
accompanied by efforts to drive down the cost of
this technology, which focus primarily on the
cathode catalyst, the most expensive PEFC
component.> While precious-group metals
(PGMs) continues to be the materials of choice
for oxygen reduction reaction (ORR) catalysts,
use of these materials in PEFCs must be
significantly reduced or eliminated without a
penalty in the overall cell performance for PEFC
technology to become fully viable.**®

The most promising class ORR catalysts that
do not utilize PGMs (i.e., PGM-free catalysts),
involve first-row transition metals, such as iron
and cobalt” incorporated in a nitrogen-doped
carbon (M-N-C catalysts).6-1? While
advancements in M-N-C activity have been

impressive, the much sought-after improvement
in durability has been impeded by limited
information on changes in the PGM-free catalyst
active site density, activity and its degradation
rate during fuel cell testing.!>!3 Currently,
degradation of PGM-free catalysts during fuel
cell operation is often quantified using the low-
current region of polarization curves. While this
approach is well established, it neglects
complications from such factors as catalyst pore
structure, membrane conductivity, ionomer
content, nature of the support, and the
heterogeneity of active sites. Hence, there exists
a critical need for a method with high specificity
towards catalytic activity.3

In the case of PGM catalysts, the
electrochemical active surface area (ECSA) is
used as a descriptor for catalyst degradation, and
the loss of ECSA is associated with various
degradation mechanisms.* It can be easily and



accurately calculated from carbon monoxide or
hydrogen  adsorption/desorption  stripping
charges.? Furthermore, ESCA can be determined
during an accelerated stress test (AST) in an
operating PEFC. It can therefore quantify
degradation of Pt-based active sites in situ and
plays an important role in the development of
durable PGM catalysts.

In the case of PGM-free catalysts, recent
studies suggest that the active site in M-N-C ORR
catalysts, such as state-of-the-art atomically
dispersed FeNC, is the FeN, site.'®22 It has been
also  suggested that FeN, sites are
electrochemically active as a consequence of the
Fe(l1)/Fe(lll) redox couple coinciding with the
ORR onset potential and by spectroscopic
measurments.1%20.23-25 Based on the postulate
that ORR activity in these catalysts stems from
the Fe(ll)/Fe(1l) redox couple, the
electrochemical active site density (EASD) should
be proportional to the electrocatalytic ORR
activity in fuel cell measurements. Hence, an in-
depth analysis of the electrochemical behavior
of these active sites can shed light on the
processes PGM-free catalysts undergo during
their degradation.

Considerable effort towards quantifying the
EASD of PGM-free catalysts resulted in several
new methodologies, all employing probe
molecules,?22534 hut none can be used in situ fuel
cell to measure the EASD.3* Bae et al.2® compared
the FeNC active site density measured using
three of these methods; the CO adsorption,
nitrite reduction, and cyanide adsorption. They
found that the CO adsorption overestimated the
SD, while nitrite reduction underestimated it.233¢

In order for a diagnostic method to work in
situ PEFC, several guiding principles need to be
followed: the method should be easily
applicable, preferably electrochemical, the
measured signal should be proportional to the
activity of the studied catalyst or the density of
the electroactive sites, and the response should
be distinguishable from other processes in the

cell, such as double layer charge/discharge,
carbon corrosion, mass transfer, membrane
degradation, etc. Herein, we show that Fourier-
transform alternating current voltammetry
(FTacV) can be used as an in-situ measurement
in fuel cells to obtain the EASD of PGM-free
catalysts. FTacV has been developed and
expanded into several applications by Bond et al.
over the past couple of decades, but it has never
been applied in fuel cell research. By now, FTacV
has been accepted as a valuable tool for
unraveling complex electrochemical
mechanisms,?”*° as well as for discerning low-
current Faradaic reactions from high-current
capacitive processes, and high-noise systems.*%
42 An extensive theoretical background has also
been developed for this method374%43-47 and
applied in a fully functional electrochemical
simulation algorithm, called MECSim, which
facilitates the required data analysis.*8->0

Recently, FTacV has been wused to
deconvolute the electron transfer step in
catalytic reaction schemes involving surface-
bound inorganic catalysts and enzymes.> The
new insights gained provided important
information on the mechanism of electron
transfer, which underpins electrocatalytic
reactions, enabling further catalyst
development.40:52-57

Herein, we show how Fourier-transform
alternating current voltammetry (FTacV) enables
deconvoluting the faradaic currents of the
catalytic active sites from the response of the
whole cell. The generated harmonics are then
used to calculate the EASD during stability
measurements, serving as an activity descriptor
for the study of degradation processes PGM-free
catalysts undergo in situ PEFCs.

Results

Applicability of a commercial potentiostat for
FTacV. The starting point of this study was a
determination whether a commercially available
potentiostat could be used for reproducing



FTacV experiments reported by Bond et al.>® For
this purpose, a reversible [Ru(NHs)g]3*/2* redox
couple and a Biologic potentiostat were used.
The results presented in Supplementary Note 1,
Supplementary Figures 1 and 2 are in good
agreement with published data obtained with
custom-made FTacV instrumentation.>®

Fuel cell measurements. MEAs were
prepared for fuel cell measurements using
commercial Fe-based PGM-free catalysts
(Pajarito Powder) at the cathode, and Pt/C at the
anode. MEA durability measurements were
conducted by holding the fuel cell voltage at 0.6
V for the desired time interval (Supplementary
Figure 3A), after which I-V Polarization, CV, and
FTacV measurements were conducted. N, was
used as the cathode gas instead of O, in the EIS,
CV and FTacV measurements. Figure 1 displays
the CV measured at the beginning of the testing.
The redox peaks associated with the reversible
Fe(l1)/Fe(lll) couple were observed at ca. 0.76
V.1924 The CVs taken between each voltage hold
(Supplementary Figure 3B) showed small
changes during the first 7 hours, and an increase
in the redox of the surface groups, usually
recognized as quinone-like moieties, which
convolutes with the iron redox couple beyond
the first 7 hours of the experiment (for an
analysis on the compatibility between the CV
results and the FTacV please refer to
Supplementary Discussion 1).

While CV excels in general characterization
of electrochemical properties, it is not a suitable
method for advanced catalyst degradation
studies. The error involved in the determination
of total charge under the peaks is high due to
relatively low Faradaic currents compared to
capacitive currents.?

In the absence of a catalyst-specific
descriptor, fuel cell polarization curves have
been the measurement of choice for following
degradation of PGM-free catalysts in PEFCs.%?

The low-current region of fuel cell
polarization curves, taken between the potential

holds, are shown in Figure 2. Unsurprisingly, fuel
cell performance degrades after every voltage
hold. This decrease in performance does not give
any quantitative information regarding the
source of the degrading moiety, however. Thus,
it cannot be used to shed light on the underlying
degradation mechanisms.

In situ FTacV measurements. FTacV
measurements were conducted to assess
changes in the electrochemical activity of the
catalytic centers, and to distinguish these
changes from other possible processes that
might have taken place during the durability test.
FTacV employs a large-amplitude sine wave with
a frequency, f, superimposed on a linearly
scanned potential ramp. When there are no
electroactive species present in the cell, the ac
current ideally originates only from the
charge/discharge capacitance at the frequency f.
On the other hand, when electroactive species
are present, the current is a superposition of
both non-Faradaic and Faradaic contributions.
Faradaic processes are intrinsically non-linear
and generate harmonic components at f, 2f, 3f
...nf. This non-linear Faradaic current allows the
high-order harmonic component response to be
used to study the electron transfer, devoid of
other electrochemical processes that take place
in parallel. These responses occur at higher
frequencies than that of the applied sine wave
and are resolved from the fundamental
harmonic using an FFT to convert the response in
time domain to the frequency domain, where
the higher order harmonics are easily filtered by
band selection, as illustrated in Figure 3. Finally,
an inverse FFT algorithm is used to provide the
individual harmonics in the time domain. These
higher order harmonics are highly sensitive to
the reaction kinetics on the electrode and
represent only Faradaic processes. Hence, these
responses are related only to the active sites that
are electrochemically accessible, and not the
bulk sites.



Figure 4 shows the power spectrum derived
from the FTacV measurements, where eight
harmonics are evident. Each of the harmonics
can be analyzed separately and compared with
other harmonics to distinguish between
different phenomena occurring at the
electrode.”®

Theoretically, higher harmonics, beyond the
4% are considered representative of non-linear
Faradaic processes.® The potential of the central
peak in odd harmonics and the central minimum
in even harmonics are associated with the
reaction potential of the studied redox couple, in
this case the Fe(lll)/Fe(ll).*> Hence, in this work,
the 5t 6t and 7t harmonics were extracted
from the FTacV measurements, all showing the
characteristic shape of a Faradaic reaction with a
formal redox potential of 0.76 V, which has been
attributed to the Fe(ll)/Fe(lll) redox couple in the
catalyst layer (Figure 5, dashed line), as also seen
in the CV in Figure 1.

Stability = measurements and EASD
determination. The 7t harmonics, measured at
the beginning of the experiment and after the
2nd, 4th 7t 20t and 40 hour of voltage hold at
0.6 V, are shown in Figure 6. These results reveal
progressive decay in the Faradaic signal, clearly
indicated by the decrease of the peak current at
0.76 V (arrow in Figure 6), indicating changes in
the overall number and/or electroactivity of
accessible electroactive sites. 40,6163

The absolute number of electroactive
species was heuristically extracted from a
model-experiment comparison (Supplementary
Figure 4, Supplementary Table 1). The model
employed in this work is that of a single surface
confined electroactive species with a surface
concentration that follows the Nernst equation
with no thermodynamic or kinetic dispersion.
For more details on the mathematical model and
the numerical methods used in the simulation
process, please see references 37,44-46:48,50,64,65 gn(d
the references therein.

The simulation was fitted through trial and
error of the rate constant until a good fit was
achieved. A value for the heterogeneous rate
constant of k® = 6 s* was found to give the best
fit between the simulation and experimental
data for the FTacV measurement conducted at
the beginning of life (t = 0 h).

Comparison of the EASD from FTacV to
other methods. The absolute number of
electroactive species extracted from the
simulation was 1.8x 1077 moles,
corresponding to an EASD of 6.3 x 1018 sites
g~ L. Table 1 shows a comparison of this result
and those of a recent publication3* where nitrite
(NO,) and CO probe molecules were used to
quantify the SD of active sites in the same
commercial catalyst used in this work (Figure 4a
in reference3* for comparison; the catalyst is
described therein as PAJ). In addition, to account
for potential differences resulting from possible
variation between catalyst composition (same
type of catalyst from different batches), nitrite
stripping was also performed in this work. It is
interesting to note that all three methods
provide SDs within one order of magnitude of
each other. The EASD obtained in this work is
larger than that obtained by the nitrite reduction
method in Ref.34, which was 2.5 X 1018 sites
g~ 1 and smaller than that obtained by the CO
adsorption method, at 20.2 x 1018 sites g~1. 1t
is smaller than the value measured in this work
using nitrite reduction method (1.1 x 101°

sites g~1). The discrepancy in the nitrite

reduction results can be explained by changes
between batches of the same commercial
catalyst. This agrees very well with previous
conclusions form Bae et al.?®

The mean turnover frequency of the catalyst
in situ fuel cell was calculated using the EASD
value at 0.8 V (at 7.03 mA/cm?), resulting in 2.1
electron sites? sec™.

Analysis of the degradation rate. The
change in the total number of sites normalized
to the loading of the catalyst (i.e., the EASD)



during the stability test is plotted in Figure 7A.
Fitting a linear curve to the data shows that the
rate of active-site degradation was constant
during the stability measurements at 4 x 10—10
mol h=1. This rate can be used to infer the time
when all sites have degraded by extrapolating
the linear fitting to zero, giving a value of
approximately 447 hours, much higher than that
reported by Li et al.?° for degradation of the
electroactive species in their catalyst (50 h).

Sensitivity of FTacV to catalyst speciation.
Using Mossbauer spectroscopy, Li et al. showed
that leaching of the metal center, a well-known
degradation pathway, can bring an increase in
the amount of charged iron species and iron
oxide nanoparticles during stability tests.?% In the
same work, the authors showed that the Fe
cations are non-electroactive in the voltage
range of interest (Figure 2e, site D3 in Ref.?0).
They also observed that when exposed to oxygen
these ions react to form iron oxide clusters
(Figure 6 in Ref.2%), which also do not show an
electrochemical response at the studied voltage
range. The iron speciation in the catalyst used in
this work (Pajarito Powder, PMF-011904), is
consisting of FeN, AD sites, a-Fe and vy-Fe
nanoparticles, with no iron oxide or iron carbide.
This has been shown by others and also verified
in this work (Supplementary Figures 19-21).3°
Since the redox potential for metallic iron is
much lower than that of the Fe(ll)/Fe(lll) couple
in FeN, (E° = -0.44 V vs SHE®®), it would not
contribute at all to the currents of the higher
harmonics measured at 0.76 V. In addition, we
did not observe the formation of iron oxide after
the potential holds at 0.6 V, and thus do not
expect any contribution from this specie after
the degradation of this catalyst.!7:120.67

Hence, the leached iron species are not
expected to add error to the FTacV
measurement during the catalyst degradation.

Applicability of the methodology to other
catalysts. To validate accuracy and applicability
of these measurements to other FeNC catalysts,
the same measurements were repeated with a
different commercial FeNC catalyst from Pajarito
Powder (PMF-012101). Both catalysts are
prepared by a modified sacrificial support

method, differing in the nitrogen source
precursors.®® The specific reagent formulation
and processing procedure is proprietary
technology developed by UNM and Pajarito
powder, LLC. Both catalysts show similar
behavior and trends in the FTacV measurements
(Supplementary Figure 8) during degradation,
with PMF-012101 being much less stable than
PMF-011904 with a rate of site degradation
differing by an order of magnitude. These
catalysts have been fully characterized in the
literature and have been used in many
procedural benchmarking investigations which
minimizes differences between measurements
done in different laboratories.346873

Measurement of TOF over the course of the
stability tests. The surface coverage of active
species in the PMF-011904 decreased by 47%
during the experiment, which is lower than the
95% decrease in the current density measured
over the same time at 0.8 V (Supplementary
Figure 3D). This discrepancy indicates that in
addition to the decrease in the EASD, there may
also be changes which influence the ORR TOF.
This is clearly depicted in Figure 7B, where the
current density at 0.8 V is plotted as a function of
EASD. The kinetic current is linearly proportional
to the EASD, with the slope proportional to the
TOF of the reaction. The change in slope after the
first 4 hours, indicated by the red and blue linear
curves in Figure 7B, suggests that there may be
some chemical changes occurring at the active
site that result in less active catalyst, or a mixture
of unstable active sites and less-active but more-
stable sites, as was also proposed by others.20.74

The FeNC catalyst studied in this work is
expected to have multiple types of Fe centers. It
is reasonable to assume that the kinetic and
thermodynamic parameters will show some
dispersion.46:47.75.76

The distribution of the dispersion of active
sites should change during the fuel cell
operation, as different sites are likely to degrade
at different rates.

Based on these results, we have shown that
FTacV paves a clear path towards an
understanding of degradation mechanisms of
various electrocatalytically active sites, beyond



simply their quantification. Ongoing research in
our laboratories, involving less heterogeneous
FeNC catalysts with atomically dispersed Fe sites
and molecular catalysts, has focused on this
highly relevant topic.

Conclusions

In this work, large-amplitude FTacV, a well-
established electrochemical method with
distinct advantages over dc methods, was
utilized to quantify the electrochemically active
site density of PGM-free FeNC catalysts in situ
PEFC. First, we showed that an accurate
measurement of the EASD can be made using
this method. To further emphasize the strength
of the technique, we followed the degradation of
commercial FeNC catalysts during fuel cell
operation. We showed that the higher
harmonics are correlated to the fuel cell
performance, and that they decrease during
durability tests, indicating that the EASD loss is
not the only catalyst degradation mechanism.
The methodology developed in this work can be
used for further studies of the yet-unknown
degradation pathway(s). Further work is
underway in our laboratories, focusing on the
effect of various cathode operation conditions,
including correlations between the higher
harmonics and the reaction kinetics on different
active sites.

Methods

Baseline Measurements Using [Ru(NH;)¢]3*/%*. In
almost all previous FTacV studies,
conducted using
homemade potentiostats that were specifically
optimized for the technique. In this work, all
electrochemical measurements were conducted
using a BiolLogic VMP-300 or SP-300
potentiostats. In order to confirm that FTacV can
be carried out by commercially available
hardware, the well-known reversible
[Ru(NH3)e]**/** redox reaction was initially
evaluated in an electrochemical cell, using a

measurements were

mirror-polished glassy carbon working electrode
with a surface area of 0.193 cm? (Pine
Instruments), an Ag|AgCl (saturated KCl)
reference electrode, and a Pt-wire as the counter
electrode. The electrolyte was a solution of
freshly prepared 0.5 mM [Ru(NH;)g]Cl; (Aldrich,
98%) dissolved in aqueous 0.5 M KCl electrolyte
(Acros Organics 99.999%) maintained at room
temperature (23 £ 1°C).

Catalyst Characterization. To demonstrate the
applicability of the FTacV method for quantifying
the EASD of PGM-free catalysts, a commercial
catalyst that has been previously investigated
thoroughly by several research groups was
chosen (PMF-0110904, Pajarito Powder).?*
Nevertheless, since some changes may be found
between different batches of the same catalyst,
a thorough chemical and morphological
characterization of the catalyst was conducted,
and the analysis of all of these results is
presented in the supporting information.

X-ray photoemission spectroscopy (XPS)
analysis was carried out using a Nexsa
spectrometer (England) equipped with a mono-
chromated, micro-focused, lower Al Ka X-ray
(photon energy 1486.6 eV). Survey and high-
resolution spectra were acquired at pass energy
of 200 eV and 50 eV, respectively. The
measurements were carried out under UHV
conditions, at base pressure of 5x10° torr (and
no higher than 3x107° torr). Data analysis was
performed using AVANTAGE software. A linear
background subtraction was used for all spectra.

Raman spectroscopy was acquired using a
Renishaw inVia Microscope using a 514 nm laser
at 50 % power with a 50X magnification. The
results and their analysis are in the supporting
information (Supplementary Figure 14).

Atomic Absorption was performed (AAnalyst
400 PerkinElmer) to obtain the wt% of iron in the
catalyst, which was found to be 1.3 wt%.

X-ray Diffraction (XRD) patterns (Bruker-AXS,
D8-Advance diffractometer using Cu K, 1.54 A
radiation) were recorded for the pristine



powder, and the GDE before the stability test
(Supplementary Figure 13)

Further characterization of the PMF-0110904
catalyst was conducted using Aberration-
corrected scanning transmission electron
microscopy (STEM). Pristine powder samples
were prepared by drop casting the material on a
standard lacey carbon TEM grid. MEA samples
were prepared by scraping material from the
electrode and drop casting the resulting material
on a standard lacey carbon TEM grid. An
aberration-corrected JEOL NEOARM in the
Center for Nanophase Materials Sciences at Oak
Ridge National Laboratory was used to collect
the STEM, EELS, diffraction, and EDS data. The
instrument was operated at 80 kV with a semi-
convergence angle of 28 mrad. The EELS data
was collected on a Gatan 965 GIF Quantum ER
Imaging Filter with a dispersion of 0.1 eV/pixel.
EDS was collected using dual JEOL SDDs. Average
compositional information was obtained from
five regions on each sample, extracted from
maps acquired at resolution of 512x512 real
space pixels with a dwell time of 3 ps/pixel.
Multiple drift-corrected frames were summed
for a total acquisition time of approximately 180
seconds for each data set. Compositional
information was obtained from the EDS maps
through the JEOL Analysis Station software, with
means and standard deviations of the results
from the various regions shown in
Supplementary Table 2. All of the images and
their analysis are in the supporting information
(Supplementary Figures 15-21).

MEA Fabrication. Fuel cell measurements were
conducted with homemade membrane
electrode assemblies (MEAs). The anode catalyst
was prepared by mixing 20% Pt/C (Alfa Aesar)
with isopropanol (IP) (Daejung, 99.7%) and 40
wt% D2020 Nafion suspension (lon Power), up to
a concentration of 1 mg/mL, and leaving the
suspension under continuous stirring for 24 h.
The obtained slurry was then deposited onto a
BC29 gas diffusion layer (SGL Group) using an

automatic ultrasonic spray machine with a
sonication head resonating at 120 kHz (SonoTek
Technology), to reach a loading of 0.2 mg Pt/cm?.
The cathode catalyst was prepared by mixing a
commercially available Fe-based PGM-free
catalyst (Pajarito Powder, PMF-011904) with 35
wt% D2020 Nafion in a 1:1 wt% solution of
deionized water (DI) in isopropanol (IPA). The
slurry was sonicated for 1 h, stirred overnight,
diluted with IPA down to a concentration of 1
mg/mL, and deposited onto the microporous
layer of the BC29 electrode. The deposition was
carried out using a sonication head resonating at
48 kHz (SonoTek Technology), to reach a loading
of 3.4 mg/cm?. Both gas diffusion electrodes
(GDEs) were weighed after deposition of the
catalyst layer and again after deposition of a 0.2
mg/cm? layer of Nafion D2020. During the
fabrication of the cathode, no PGM-containing
tools or materials were used. The GDEs and
gaskets were then hot-pressed onto a 211NR
Nafion membrane (lon Power) at 130 °C and
2,000 pounds force for 2 minutes.

Fuel Cell Measurements. Fuel cell
measurements were performed using an 850e
Scribner Associates fuel cell test station. In fuel
cell operating mode, fully humidified H, at a flow
rate of 300 sccm, and fully humidified O, at 300
sccm were supplied to the anode and cathode,
respectively, both at a 1.0 bar, backpressure,
with a cell temperature at 80 °C. Before the
measurements, the fuel cell was conditioned for
10 minutes at a voltage of 0.6 V, after which
polarization, EIS, FTacV, and CV measurements
were taken. During these measurements, the
cathode gas was replaced with N,. Multiple CV
cycles were performed prior to measurements to
assure that all of the O, was purged from the
cathode.

Durability tests were conducted at a
constant cell voltage of 0.6 V for a series of seven
consecutive one-hour segments, then a 12-hour
segment, and finally a 20-hour segment.
Polarization, EIS, FTacV, and CV measurements



were taken at the beginning of the experiment
and after each segment.

Electrochemical Measurements. All
electrochemical measurements of the MEA were
conducted with a Biologic SP-300 potentiostat
with the reference and counter shortened at the
anode. The cell temperature was 80 °C, the
anode and cathode gasses were H, and N,,
respectively. Both gasses were fully humidified
with a flow rate of 300 sccm and 800 sccm,
respectively. The back pressure was maintained
at 1 bar,. The scan rate of the CV was 50 mV/s.
Electrochemical impedance spectroscopy (EIS)
measurements were conducted
potentiostatically at 0.3 V by scanning the
frequency from 20 kHz to 100 mHz, with 20
points per decade and a perturbation amplitude
of 10 mV. Before each EIS measurement the cell
was conditioned at 0.3 V for 30 seconds.

For comparison, the EASD values obtained
using FTacV were compared to those measured
with an established technique. Nitrite stripping
measurements were performed by carefully
following the protocol published in the
literature.?7.283334 The stripping experiments
were conducted by a chronocoulometric
measurement to ensure accurate determination
of the charge passed.3*

Fourier-transform Alternating Current
Voltammetry (FTacV). FTacV measurements of
the MEA were conducted with a Biologic SP-300
potentiostat with the reference and counter
shortened at the anode. The cell temperature
was 80 °C, the anode and cathode gasses were
H, and N,, respectively. Both gasses were fully
humidified with a flow rate of 300 sccm and 800
sccm, respectively. The back pressure was
maintained at 1 bar,. Measurement parameters:
initial voltage, E;=0.55V, final voltage, Ef
=0.95V, frequency of the sine wave,
f =0.119 Hz, the dc scan rate was 0.476 mV/s,
amplitude of the sine wave, AE = 110 mV, and
time step for data acquisitions, dt = 0.8 ms.

A step-by-step description of the procedure
used for performing the FTacV measurement in
this work is written in the supporting
information.

Data availability

The raw data that support the findings of this
study are available from the corresponding
author upon request.

Code availability

All simulations in this work were conducted
using the MECSim simulation package which was
obtained from the following website free of
charge:
http://www.garethkennedy.net/MECSim.html.
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Figure 1: Cyclic voltammetry of the fuel cell. CV of the fuel
cell before the stability test. Scan rate was 50 mV/s. Fully
humidified N, gas was used at cathode and fully humidified
H, at the anode.
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Figure 2: Polarization curves of the cell during the stability
test. Fuel cell polarization curves conducted at the
beginning of the measuring (red), after seven hours (blue),
after nineteen hours (brown), and after forty hours (green).
The arrow indicates the progression of the I-V curves with
time.
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fundamental frequency at an integer multiple of the latter’s frequency. Each harmonic is selected using a window filter (red
rectangular in panel B) while nulling the rest of the data, and (C) filtered harmonic after it is transformed back to the time domain
via the inverse FFT algorithm. The harmonic current can be plotted versus the dc potential and analyzed.
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Figure 4: Power spectrum obtained from FTacV
measurment. Power spectrum of raw data obtained from
FTacV measurments. The power spectrum was obtained by
using the FFT algorithm on FTacV parameters: initial
voltage, E; = 0.55V, final voltage, Er=0.95V, frequency
of the sine wave, f = 0.119 Hz, amplitude of the sine wave,
AE=110mV, and time step for data acquisitions,
dt = 0.8 ms. All FTacV measurements were conducted with
fully humidified N, at cathode and fully humidified H, at the
anode.
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Figure 5: Harmonics extracted from a single FTacV
measurement of the fuel cell. The 5t (red), 6™ (blue) and
7t (yellow) harmonics extracted from an FTacV
measurement at the beginning of the measurement. The
dashed line indicates the potential of the cathode (vs. the
H, anode) where minima and maxima coincide for all three
harmonics, showing the formal potential of the faradaic
reaction, which is approximately 0.76 V as seen in the CV in
Figure 1. FTacV parameters: initial voltage, E;=0.55V,
final voltage, Ef =0.95V, frequency of the sine wave,
f=0.119 Hz, amplitude of the sine wave, AE =110 mV,
and time step for data acquisitions, dt = 0.8 ms. All FTacV
measurements were conducted with fully humidified N, at
cathode and fully humidified H, at the anode
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Figure 6: The 7t harmonics generated from FTacV
measurements at different times during the stability test.
The 7t harmonics generated from FTacV in the fuel cell at
the beginning of the experiment (red), after two hours
(blue), four hours (yellow), seven hours (green), twenty
hours (blue), and after forty hours (gray) FTacV parameters:
initial voltage, E; =0.55V, final voltage, Ef=0.95V,
frequency of the sine wave, f = 0.119 Hz, amplitude of the
sine wave, AE=110mV, and time step for data
acquisitions, dt = 0.8 ms. All FTacV measurements were
conducted with fully humidified N, at cathode and fully
humidified H, at the anode.
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Figure 7: Analysis of EASD and TOF over the course of the stability measurement. Estimation of the EASD active sites as
extracted from FTacV experiment-model comparison over the course of the stability test. The data was fit with a linear model
having a slope of 4 X 10719 mol A=, The absolute amount of sites is normalized to the loading of the catalyst. (Panel A). kinetic
current vs the EASD over the time of the stability measurement. Both the kinetic current and the EASD are per loading of the
catalyst. The red and blue curves illustrate the indicative change in the TOF (Panel B)
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