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ABSTRACT

Proton exchange membrane fuel cells are operated using switching power converters that produce high-
frequency ripple currents. These ripples cause high-frequency potential cycling of cells, which is believed
to lead premature deterioration in the electrochemical surface area (ECA) of Pt/C catalysts. The qualitative
relationship between ECA losses and the frequency of potential cycling was investigated in the range
of 1Hz to 1kHz. For frequencies higher than 100Hz, ECA losses were comparable with those at the
potential hold condition. However, for lower frequencies, ECA decreased significantly with decreasing
frequency. TEM observations showed that there was marked Pt particle growth for the 1-Hz cycling
condition, whereas particle size distributions at 100 Hz and potential hold conditions were comparable.
The currents associated with Pt oxidation and reduction during potential cycling were also investigated
at various potentials and frequencies, and the charges associated with Pt loss (AQ) were determined by
integrating the measured current. A correlation between the ECA trend and AQ was observed. The results
obtained in this study are considered informative for electrical engineering research, because it relates
to the design of switching power converters that do not negatively influence the Pt/C catalyst durability.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Fuel cell voltages vary significantly with operating conditions,
such as temperature, load current, stoichiometric ratio, and pres-
sure. Therefore, switching power converters (i.e., dc-dc converters
and dc-ac inverters) are generally used for converting the gen-
erated power of fuel cells and supplying power to the loads at a
desired voltage level. Fig. 1 illustrates a schematic diagram of a
fuel cell system using an inverter as a switching power converter.
Switching power converters usually operate at high frequencies
and generate corresponding high-frequency ripple currents (cur-
rent fluctuations). The ripple frequency of inverters is generally
found to be 100 Hz (120 Hz), which is the second-order harmonics
of the utility frequency of 50Hz (60 Hz) [1-3]. On the other hand,
the ripple frequency of dc-dc converters is equal to the switching
frequency of the converters, which is usually higher than several
kilohertz. The ripple currents generated by the switching power
converters are superimposed onto the fuel cell as shown in the
inset of Fig. 1, and therefore, the fuel cell in the system operates
at a certain dc current level with a superimposed ac ripple. The
ripple current is regarded as a sort of load variations. Because fuel
cell voltages significantly depend on the load current, the ripple
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current that is induced in the cell at high frequencies will result in
variations in the voltage.

The effects of the high-frequency ripple currents generated by
the switching power converters on the electrical characteristics of
proton exchange membrane fuel cells (PEMFCs) and solid oxide fuel
cells (SOFCs) have been investigated [4-9]. Previous studies based
on simulation analyses reported that the interaction between the
fuel cell and inverters deteriorates electrical characteristics, such
as power factor, hydrogen utilization, and energy efficiency [4-7].
In addition, a negative impact of the high-frequency ripple on a
membrane durability is also concerned [4]. Along-term experiment
performed with an SOFC having a superimposed ripple current
resulted in a premature increase in area-specific resistance [9].

A decrease in the electrochemical surface area (ECA) of Pt/C cat-
alysts is widely known to be one of the major factors of PEMFC
degradations [10-14]. Generally, the degradation of Pt/C catalysts
is accelerated by potential variations that coincide with load varia-
tions and/or startup/shutdown sequences. Accelerated stress tests
for ECA degradations have been performed extensively on the
basis of potential cycling, which emulates load variations and/or
startup/shutdown sequences, and the degradation mechanisms
of Pt/C catalysts have also been studied in great detail [10-15].
Potential cycling tests are usually performed at a low-frequency
range with a cycle period ranging from several seconds to sev-
eral dozen seconds (i.e., <1 Hz). However, as mentioned above, in
practical applications, not only the low-frequency potential cycling
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Fig. 1. Ripple current and cell potential variation for a fuel cell induced by an inverter in the fuel cell system.

due to load variations and/or startup/shutdowns but also the high-
frequency potential cycling due to ripple currents generated by the
switching power converters are induced onto the fuel cells. ECA
degradation due to the high-frequency potential cycle is considered
likely, but this issue has not been addressed so far.

The high-frequency ripple currents can be buffered using
smoothing capacitors in the switching power converters. To mit-
igate the ripple current to negligible levels, capacitors with large
capacitance arerequired[1,16]. However, larger capacitances result
in huge, heavy, and expensive capacitors, which are not desir-
able. Several ripple mitigation techniques have been proposed
and demonstrated for fuel cell systems [3,16-19]. However, they
require advanced control techniques and additional circuit compo-
nents, which imply increased system cost and design complexity.
Thus, the correlation between ECA degradation and high-frequency
potential cycling due to the ripple current should be considered for
designing well-balanced fuel cell systems. From an electrical engi-
neering viewpoint, determining proper switching frequency for
switching converters is of primary importance, because the switch-
ing frequency significantly influences the converter performance
in terms of power conversion efficiency, response characteristic,
dynamic performance, noise emission, size, and weight.

The primary objective of this study is to investigate the
qualitative relationship between Pt/C catalyst degradation and
high-frequency potential cycling induced by switching power con-
verters. The most unique parameter of the ripples is frequency,
which is determined by the utility frequency and/or switching
frequency. Therefore, this paper focuses on the ripple-frequency
dependence of Pt/C catalyst degradations. The potential of the fuel
cell was cycled for a frequency range of 1Hz to 1kHz, emulating
the high-frequency ripples that are induced by switching power
converters. The ECA degradation trend was obtained as a function
of frequency. In addition, the current associated with Pt oxidation
and reduction during potential cycling was also investigated at var-
ious potentials and frequencies, and the correlation between ECA
degradation trends and the charge associated with Pt loss during
cycling was discussed.

2. Experimental

The schematic diagram of the experimental setup for high-
frequency potential cycling is illustrated in Fig. 2. The use of air
as the cathode is realistic to emulate practical operating condi-
tions. In potential cycling tests, the presence of oxygen in the
cathode is found to have only minor effects on ECA loss [20]. To
simplify the experiments, nitrogen was used instead of air. Humid-
ified hydrogen and nitrogen with a relative humidity of 95% were

supplied at a flow rate of 200 mImin~—"! to the anode and cathode,
respectively, of a fuel cell operated at 80°C. For the experiments,
we used a single cell having an active area of 25cm? and single-
serpentine flow channels each having a depth and width of 1.0 mm
for both the anode and cathode flow fields. Membrane electrode
assemblies (MEAs) consisted of Nafion 112 (DuPont), catalyst lay-
ers using 50 wt% Pt/C (Tanaka Kikinzoku Kogyo) with a Pt loading of
0.5 mg cm~2 on each electrode and 5 wt% Nafion ionomer (DuPont),
and gas diffusion layers of 20 wt% polytetrafluoroethylene-proofed
carbon paper (TGP-H-060, Toray). The cell potential was cycled
using a combination of an in-house bipolar power source and func-
tion generator (FG-281, TEXIO). The potential waveforms during
cycling were monitored using an oscilloscope (TDS2024, Tek-
toronix), and high-frequency potential cycling experiments were
performed with an average potential, E4ve, and potential variation
range, Evqr.

Eyqr is one of the major factors that determine degradation in
ECA. Generally, the surface of a Pt catalyst with a potential of
approximately 0.4-0.6V is bare and free from oxide species. How-
ever, at higher potential region, oxide growth takes place with a
peak of 0.8V and the oxide coverage increases with the potentials.
Changes in the oxide coverage of Pt significantly affect the degrada-
tion rate, and transitions between the two regions can undermine
Pt stability [11,21]. Previous studies revealed that the greater the
range of potential variation, the greater will be the decrease in ECA
[15].

In general, potential variations due to ripple currents that
are generated by the switching power converters are smaller
than those due to load variations or startup/shutdown sequences,
although the magnitudes of the ripples depend on the design and
application of the converters. In addition to the variation range,
the average potential is dependent on load conditions. Technically,
the potential variation range and average potential are determined
by the ripple and average load current, respectively. To clarify
the trend in degradation and the correlation between ripple fre-
quency and degradation, this study adopted a potential cycling of
0.6-0.9V,i.e.,Eqve =0.75V and Eygr = 0.3 V, which is the typical oper-
ating potential range of PEMFCs and is as large as that emulating
load variations. Sinusoidal potential cycles were applied to a cell
by a bipolar power source and function generator, as shown in
Fig. 2. The high-frequency potential cycling tests were performed
for a frequency range of 1Hz to 1kHz for 50 h. As a reference, we
also performed a potential hold test with Egpe =0.75V. The CO,
concentration in the cathode exhaust gas was monitored using
a nondispersive infrared (NDIR) sensor (GMP 343, VAISALA) for
observing the influence of high-frequency potential cycling on car-
bon corrosion, which also leads to decreases in ECA [11-14].
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Fig. 2. Schematic diagram of the experimental setup and potential cycling profile for high-frequency potential cycling.

The retention factors of ECA of the cathode catalyst were peri-
odically measured and determined by cyclic voltammetry (CV)
using a potentiostat (1280C Electrochemical Measurement System,
Solartron). The potential of the cell was swept at a scan rate of
50mVs~! between 0.06 and 0.9V. The ECAs were calculated on
the basis of the amount of measured charge that is associated with
hydrogen desorption and with the assumption that the charge of a
monolayer of adsorbed hydrogen on Pt is 210 wCcm—2 [22].

The cathode catalyst layers of pristine and aged MEA sam-
ples were examined and compared using transmission electron
microscopy (TEM). TEM observations were performed in a HITACHI
H-7100FA operated at 100 kV.

3. Experimental results
3.1. High-frequency potential cycling

Fig. 3(a) and (b) shows the trend of cyclic voltammograms for
cells cycled at 1 Hz and 100 Hz, respectively. As the potential cycling
tests progressed, the charge associated with hydrogen adsorption
and desorption, which were observed for potential values lower
than 0.4V, gradually decreased. However, the charge associated
with a double-layer capacitance (potential region around 0.4 V) did
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Fig. 3. Cyclic voltammograms for a cell cycled at (a) 1Hz and (b) 100 Hz.

not change significantly. The charge for hydrogen adsorption and
desorption decreased more significantly under the 1 Hz condition
than under the 100 Hz condition, indicating that more significant
degradation occurred at 1 Hz.

Fig. 4(a) and (b) shows ECA degradation trends as a function of
time and frequency, respectively. The ECA retention ratios at the
potential hold condition at each time instant are represented by
dashed lines in Fig. 4(b). The ECAs consistently decreased as time
elapsed. The ECA retention for lower frequencies decreased sig-
nificantly, whereas those at frequencies higher than 100 Hz were
almost identical to those at the potential hold condition. For exam-
ple, the ECA at 1Hz decreased to 73% after 50 h, while those at
frequencies higher than 100 Hz and at the potential hold condition
were approximately 91%. Although the number of cycles was very
high at higher frequencies, the ECA losses were moderate when
compared with those at low frequencies.

Generally, cycling the potential between the oxide formation
and reduction region leads to degradation rates that are higher than
those for potential hold conditions. Previous studies reported that
the potential hold has minor effects on ECA losses and exhibits
the lowest decay rate when compared with potential cycling
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Fig. 4. Resultant ECA retention trends as a function of (a) time and (b) frequency.
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Fig. 5. TEM images of the cathode catalyst layer for (a) a pristine MEA, and MEAs after 50 h potential cycling at (b) 1 Hz and (c) 100 Hz, and (d) potential hold condition.

conditions [23]. For frequencies higher than 100 Hz, the ECA losses
were comparable to those at the potential hold condition in spite
of potential cycling. Hence, the potential cycles at high frequencies
were not considered to be detrimental to Pt/C catalysts. However,
for frequencies lower than 100Hz, potential cycling resulted in
accelerated ECA losses that were similar to those observed for con-
ventional potential cycling, which emulates load variation and/or
startup/shutdown cycles.

Fig.5(a)-(d) shows representative TEM images from the cathode
catalyst layer of MEAs before and after the high-frequency potential
cycling tests. For the pristine MEA shown in Fig. 5(a), Pt nanopar-
ticles (darker gray dots) that were homogeneously dispersed on
carbon supports (brighter gray area) and having sizes of the order
of 1-4nm were observed. Subsequent to both cycling and poten-
tial hold conditions for 50 h, Pt particle sizes increased for all test
conditions, and some agglomeration of individual Pt particles on
the carbon supports was observed. The particle size for 100 Hz
and potential hold conditions were comparable and ranged from
approximately 1.5-4.5 nm, as shown in Fig. 5(c) and (d). The results
imply that the potential cycle of 100 Hz did not have as negative an
effect as the potential hold condition. However, for the 1 Hz condi-
tion, the particle size distribution was approximately 3-6 nm and
there was marked particle growth, as shown in Fig. 5(b). This ten-
dency was consistent with the trend in ECA loss shown in Fig. 4(b).

Fig. 6 shows the CO, concentration contained in the cathode
exhaust gas during high-frequency potential cycling tests. The rel-
atively large values detected at 0, 10, and 29 h were believed to be
due to the temporary existence of air in the anode and/or cathode,
because the experimental system was temporarily shutdown at
those time instants. For all frequencies, concentrations of 7-8 ppm
were detected, indicating that the carbon corrosion rate during
the cycling tests was independent of cycle frequency. Therefore,
carbon corrosion is not considered to be a factor influencing the
frequency-dependent ECA loss trend shown in Fig. 4(b).

The result shown in Fig. 4(b) suggests that there is a proper fre-
quency range at which the Pt/C catalyst is not negatively influenced

by the potential cycle thatisinduced by the ripple current of switch-
ing power converters. For the cell and MEAs that were used for
our experiments, the experimental results indicate that switching
power converters should be designed to mitigate or even prevent
ripple current generation at frequencies lower than 100 Hz. These
results are expected to be of considerable interest to electrical engi-
neers and researchers concerning the design of switching power
converters for determining the converter’s switching frequency
and mitigating the ripple current components. However, because
degradation trends are dependent on various operating parameters
and MEA properties, an explanation of the frequency-dependent
factorinfluencing the ECA degradation trends is necessary for appli-
cation to power converter designs.

3.2. Frequency dependence of Pt oxidation and reduction

In general, electrochemical reactions take place at a specific
time after potential variation. Darling et al. developed kinetic
expressions for the Pt oxidation and dissolution reactions and
demonstrated that the Pt oxide coverage does not rapidly attain
equilibrium [24,25]. Uchimura et al. used asymmetric triangular
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Fig. 7. Measured current waveforms during potential cycling with Eqye =0.4, 0.6-0.9V, and E,4=0.05V at (a) 1 Hz, (b) 10Hz, (c) 100 Hz, and (d) 1 kHz.

waves for experimentally estimating the surface coverage of oxides
on Pt film electrodes in 0.5 M sulfuric acid from measured currents
during potential cycling, and they reported that the surface cover-
age does not change rapidly with time [21]. Imai et al. estimated the
degree of oxidation of carbon-supported Pt nanoparticles in 0.5 M
H,S04 aqueous solution by integrating oxidation currents during
a potential step [26], and the current associated with charging the
double-layer capacitance was separated from the measured cur-
rent for determining the oxidation current, and the Pt oxidation
processes were estimated to take a long time after completing the
double-layer charging process.

Based on the above-mentioned studies, we speculated that the
Pt oxide coverage did not change by a great extent in the high-
frequency range because of relatively short cycle periods, while
the coverage at lower frequencies changed significantly because
of longer cycle periods. In our study, to investigate the frequency
and potential dependences of Pt oxidation and reduction currents,
we measured the current responses of a cell using a pristine MEA
during potential cycling with sinusoidal waves having E,q=0.05V
and Ege=0.4, 0.6, 0.7, 0.8, and 0.9V. These were measured using
a current probe (TCP312, Tektronix) and data recorder (NR-HAOS,
KEYENCE) for a frequency range of 1 Hz to 1 kHz. Because the poten-
tial cycling with Egye=0.4V and Eyq=0.05V (i.e., 0.4V £25mV) is
in the double-layer region, currents measured at E;y =0.4V can
be assumed to be the double-layer charging/discharging currents.
Hence, the Pt oxidation and reduction currents can be estimated
from the differences between measured currents at Eqye =0.4V and
0.6-0.9V.

Fig. 7(a)-(d) shows the measured current responses at 1, 10,
100, and 1 kHz, respectively. At high frequencies (i.e., 100Hz and
1 kHz), all measured current waveforms were almost identical and
independent on the potential. At Eqve = 0.6-0.9 V, the measured cur-
rents are supposed to include currents associated with not only
charging/discharging the double-layer capacitance but also Pt oxi-
dation and reduction. Therefore, identical currents at all potentials
indicate that the measured currents at 100Hz and 1kHz were
dominated by the double-layer current. At lower frequencies, the
magnitude of the measured current at Egye =0.6-0.9 V tended to be
larger than that at Egve =0.4V. In addition, the current responses

at Eqpe =0.6-0.9V lagged behind that at Egye =0.4 V. Assuming that
the difference in the measured current between Egy=0.4V and
0.6-0.9V was used to either oxidize or reduce Pt, these results
imply that Pt oxidation and reduction took place at low frequen-
cies and lagged behind the charging/discharge of the double-layer
capacitance.

Under potential cycling, the Pt is oxidized by water and dissolves
during the reduction of Pt surface oxides, and the dissolution pro-
cess during the anodic portion of the potential cycling is described
based on the difference between anodic and cathodic charges in the
surface oxidation and reduction of the Pt [27]. Mitsushima et al. per-
formed potential cycling for a Pt wire in 1 M H,SO,4 electrolyte in
order to investigate the relationship between Pt consumption rates
and the difference between the anodic and cathodic charges dur-
ing potential cycling [27]. In their study, the Pt consumption rate
was proportional to the difference between anodic and cathodic
charges during cycling.

However, for potential cycling of MEAs, it is difficult to estimate
the quantity of dissolved Pt in MEAs, because Pt is trapped in the
membrane and/or ionomer in the catalyst layer [21]. Nevertheless,
the difference between anodic and cathodic charges is considered
to be a good index for estimating the Pt loss in the MEA dur-
ing potential cycling. Measured currents during potential cycling,
shown in Fig. 7(a)-(d), contain anodic and cathodic currents (or
redox currents associated with Pt oxidation and reduction), iznodic
and icghodic, and hydrogen crossover current, icross;

i(t) = ianodic + Icross (ianodic > O)

(1)

i(t) = icathodic + Icross (ica[hodic < 0)

where i(t) is the measured current. I.ross Was experimentally deter-

mined to be approximately 0.6-0.7 mA cm~2. Anodic and cathodic
charges per cycle, Qunodic and Qcathodic» €an be expressed as

Tc
Qanodic :/ ianodic dt
0 Tc
Qcathodic = */ icathudic de
0
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where T¢ is the cycle period. Because the high-frequency poten-
tial cycles in this study were performed at different frequencies,
we have defined the difference between the anodic and cathodic
charges per second, AQ, for the standardization from Eqgs. (1) and
(2)as

Tc
AQ _ Qanodic ;Qcathodic — Tl / {l(t) _ ICross} dt (3)
c cJo

From the results shown in Fig. 7(a)-(d), AQ was determined
using Eq. (3). Fig. 8 illustrates AQ as a function of cycle frequency.
The lower the cycle frequency, the greater was the value obtained
for AQ, implying that significant Pt losses occurred at low fre-
quencies. AQ at Eg,e=0.6V was the lowest for all frequencies,
because 0.6V is very close to the double-layer region, as can be
seen in Fig. 3(a) and (b). At higher potentials (especially Egye =0.8
and 0.9V), larger AQ values were observed, implying that Pt loss
is likely at higher potentials. The resultant trend shown in Fig. 8
is in rough agreement with the results shown in Fig. 4(b); the
larger the value of AQ, the greater the decrease in ECA. Although
the experiment using MEAs is more realistic than that using lig-
uid electrolytes, it is not suitable for quantitative investigations, as
aforementioned. Therefore, similar studies using liquid electrolytes
(which forms a part of our future research) should be performed for
elucidating the quantitative frequency dependence of Pt loss during
high-frequency potential cycling.

4. Conclusions

High-frequency potential cycling due to the high-frequency rip-
ple currents that are generated by switching power converters is
likely to be induced in PEMFCs. High-frequency potential cycling
testsintherange 1 Hz to 1 kHz were performed for investigating the
frequency dependence of ECA loss trends of cathode Pt/C catalysts.

The resultant ECA retention values at frequencies higher than
100Hz were comparable with that at the potential hold condi-
tion. In contrast, ECA significantly decreased at lower frequencies,
implying that there is a proper frequency range at which the Pt/C
catalyst durability is not negatively influenced by potential cycling.
The postmortem TEM observations showed that Pt nanoparticle
size distributions at 100 Hz and at the potential hold condition were
comparable, whereas marked growth in the size of the Pt particles
was observed at 1 Hz.

We also investigated the currents associated with Pt oxida-
tion and reduction during potential cycling at various potentials.

The currents measured during potential cycling were integrated
for determining the charge associated with Pt loss (AQ). An
approximate correlation between the ECA loss trends and AQ was
observed; the larger the value of AQ, the greater the reduction in
ECA. Although the experiments using MEAs are more realistic than
those using liquid electrolytes, further experiments using liquid
electrolytes are necessary for investigating the quantitative rela-
tionship between Pt loss and the frequency of potential cycling.

The results obtained in this study are considered to be informa-
tive for electrical engineering and research aimed at determining a
power converter’s switching frequency, which is of primary impor-
tance in the field of electrical engineering. Proper determination of
switching frequency would contribute to the mitigation of Pt/C cat-
alyst degradation due to high-frequency potential cycling induced
by ripple currents.
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