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ABSTRACT: Palladium has attracted significant attention as a catalyst or co-
catalyst for many electrochemical reactions in energy conversion devices. We
have studied electrochemical stability of a commercial Pd/C sample in an acidic
electrolyte by exposing it to an accelerated stress test (AST) to mimic potential
spikes in fuel cells and electrolyzers during start/stop events. AST consisted of
extensive rapid potential cycling (5000 cycles, 1 V/s) in two potential regions,
namely AST1 was performed between 0.4 and 1.4 VRHE, while AST2 was
performed between 0.05 and 1.4 VRHE. Degradation of Pd/C was monitored by
the changes in Pd electrochemical surface area, while the hydrogen evolution
reaction (HER) was used as a test reaction to observe the corresponding impact
of the degradation on the activity of Pd/C. Significant Pd/C degradation and
HER activity loss were observed in both potential regions. Coupling of the
electrochemical flow cell with an inductively coupled plasma mass spectrometry
device showed substantial Pd dissolution during both ASTs. Identical location scanning electron microscopy revealed that Pd
dissolution is followed by redeposition during both ASTs, resulting in particle size growth. Particle size growth was seen as especially
dramatic in the case of AST2, when particularly large Pd nanostructures were obtained on top of the catalyst layer. According to the
results presented in this work, (in)stability of Pd/C and other Pd-based nanocatalysts should be studied systematically as it may
present a key factor limiting their application in energy conversion devices.

1. INTRODUCTION

Palladium has attracted significant attention over the past
decades as a catalytic material in energy conversion devices.
Interest in Pd was initially driven by its chemical and physical
similarities with Pt coupled with notably higher abundance in
the Earth’s crust and high electrocatalytic activity for different
reactions. All together, these motivations highlighted Pd as a
perfect substitute for scarce Pt. Pd-based materials were widely
explored as catalysts for hydrogen evolution/oxidation
reactions (HER/HOR).1,2 HER has been studied on Pd
nanoparticles loaded on various supports, Pd-alloys, Pd-
bimetallics and Pd-intermetallics, as nicely reviewed in ref 1.
Representative examples of Pd applications for HOR are
studies concerning Pd−Pt alloys, where comparable or higher
activity with respect to Pt/C benchmarks were obtained.2−5

Another advantage of Pd-alloys (mainly Pd−Au and Pt−Pd) in
HOR catalysis is higher tolerance toward CO poisoning than
Pt,2,6 which is very sensitive to the traces of CO present in the
H2 fuel. Regarding oxygen reduction reaction (ORR), the
activity of Pd/C is in general five times lower than that of Pt/C
in acid electrolyte;2,7 nevertheless, Pd is the second most active
metal for this reaction and provides complete 4e− reduction of
oxygen to water. As in the case of Pt, alloying with transition

metals is a viable path to improve the activity of Pd catalysts
for ORR. For instance, ternary Pd−Co−Mo8 and Pd−Co−Pt
catalysts9 were reported as more active for ORR than Pt/C
benchmarks. If Pd loadings are kept low, selectivity during
ORR can be tuned from 4e− to 2e− reduction and H2O2
production, which means that Pd is a promising catalyst for
small scale on-site electrochemical synthesis of this valuable
compound.10−12 Another example of diverse Pd application is
emerging electrochemical CO2 reduction, where Pd nano-
particles were reported as efficient catalysts with high
selectivity toward CO and formate production.13 The most
significant attention Pd-catalysts are gaining for the electro-
oxidation of formic acid and alcohols.14 Pd/C is a better
catalyst for formic acid oxidation than Pt/C due to favorable
reaction pathways that lead to the formation of minor amounts
of CO, which acts as strongly adsorbed poisoning species and
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blocks active surface sites.14 Pd-based materials outperform Pt
for the ethanol oxidation reaction,14−16 especially in alkaline
media. Overall, this brief literature survey shows high interest
toward Pd application in low temperature fuel cells and
electrolyzers, both in acidic and alkaline media. Depending on
the demand, which dictates the fluctuating market price and
supply of this critical raw material, the sustainability of its use
as an electrocatalyst is hard to predict. Interestingly, at the
moment palladium is notably more expensive than platinum
(approximately 30 euro/g for Pt and 60 euro/g for Pd).
In addition to activity and economic viability, electro-

catalytic materials must exhibit good stability to fulfill basic
demands for application. In that regard, electrochemical
dissolution of Pd has been studied in the past and first reports
proposed that it takes place through anodic mechanism.17−19

On the contrary, many authors argued that Pd is electro-
chemically dissolved mainly during the reduction of previously
formed Pd oxides.20,21 A detailed study on this topic was
performed recently by Pizzutilo et al. by using a setup
consisting of an electrochemical scanning flow cell connected
with the inductively coupled plasma mass spectrometry (ICP-
MS) device,22 which provided a potential-dependent dis-
solution profile of Pd in different acidic media. It was shown
that the onset of Pd dissolution coincides with the oxidation of
Pd surface and that depending on the upper potential limit
(UPL), the dissolution profile of Pd contains up to three
dissolution peaks, namely one anodic and two cathodic peaks.
The anodic peak was connected with metallic Pd dissolution
ongoing in parallel with Pd oxidation. The first cathodic peak,
observed only at UPLs above 1.5 VRHE, was ascribed to the
dissolution of Pd(IV)-oxide to produce Pd2+ ions detected by
ICP-MS. The second cathodic peak was associated with the
direct dissolution of Pd metal obtained by the reduction of
Pd(II)-oxide, or alternatively by the dissolution of remaining
Pd(IV)-oxide. The share of cathodic dissolution during the
reduction of Pd-oxide becomes higher with the increase of
UPL above 1.5 VRHE, while at lower UPLs anodic dissolution is
predominant. Importantly, this work showed that Pd dissolves
much more than Pt or Au under similar conditions, as well as
that its dissolution in sulfuric acid is five times higher than in
the perchloric acid. All of this was shown to be relevant for Pd/
C as well,22 meaning that degradation of real-life nano-
particulated Pd-based catalysts can be expected in energy
conversion devices. Interestingly, despite substantial interest
for Pd in electrocatalysis, only a few studies have been
performed on this topic. Zadick et al. investigated stability of
Pd/C by exposing the catalyst to a short stress test consisting
of 150 cyclic voltammograms (CVs) recorded at a sweep rate
of 100 mV/s in the potential region between 0.1 and 1.23 VRHE
in both acid and alkaline media.23 This quite mild stress test
performed in 0.1 M H2SO4 electrolyte provoked significant
loss of the Pd electrochemical surface area (ESA), pointing out
to the instability of real-life Pd nanocatalysts. However, there
was no information about the extent of Pd dissolution or about
the degradation mechanisms that occurred during the applied
degradation protocol.23 Another study was performed by Tang
and colleagues by exposing Pd/C catalysts to the similar short
degradation test in 0.5 M H2SO4 electrolyte, which led to the
significant decay of Pd ESA coupled with loss of electro-
catalytic activity for ORR.24 Rapid decay of the Pd ESA was
also observed during slow scan CVs recorded in concentrated
2.5 M H2SO4 electrolyte.25 Kumar et al. have reported that
anodic dissolution of Pd nanoparticles in acid media in the

presence of chlorides is largely promoted by the decrease of
particle size.26 It is important to note that all of these works
were conducted in the conditions where Pd dissolution is
strongly promoted, either in sulfuric acid solution as
electrolyte23−25 or in the presence of chlorides.26

The accelerated stress test (AST) is adopted as an effective
method to screen the stability of electrocatalytic materials in
laboratory conditions. AST implies exposing catalysts, usually
in the form of thin-film deposited on rotating disc electrode, to
a certain potentiodynamic or potentiostatic treatment and
tracking the decrease of its ESA as a direct sign of catalyst
deactivation. Degradation of Pt/C catalysts has been widely
studied, owing to their pivotal role in fuel cells technology. As
Pt is particularly sensitive to the dissolution and degradation
during transitions between reduced and oxidized states of the
surface,27,28 ASTs were usually performed by extensive rapid
potential cycling (scan rate such as 1 V/s) between low and
high values (for instance between 0.05 VRHE up to 1.5 VRHE),
which corresponds to the conditions that appear during start/
stop events in fuel cells.29−35 Dissolution of Pt (and other
metals of interest) under ASTs can be effectively monitored
and quantified by coupling an electrochemical flow cell (EFC)
with ICP-MS,31,35−39 a method earlier developed in our group.
Advanced characterization methods, such as identical location
SEM (IL-SEM), were also developed and used in our group to
understand local nanoscale degradation mechanisms caused by
stress tests.34,37,40 Therefore, the durability of Pd/C real-life
catalyst should be investigated in a similar way as in the case of
Pt/C, i.e. under the conditions relevant for applications in fuel
cells/electrolyzers, and corresponding degradation mechanisms
should be exposed.
In the present contribution, we have studied the electro-

chemical stability and degradation mechanisms of a commer-
cial Pd/C catalyst by subjecting it to AST consisting of 5000
rapid voltammetric scans (1 V/s) in 0.1 M HClO4 in two
potential regions, namely 0.4−1.4 VRHE and 0.05−1.4 V VRHE.
The purpose of different lower potential limits is to investigate
the effect of potential window on the stability and degradation
mechanism of Pd/C, as different conditions may appear in the
energy conversion devices during stable running and during
switching on/off. Degradation of Pd/C during ASTs was
tracked by the decay of Pd ESA and by corresponding changes
in the reactivity of Pd/C for HER, which was used as the test
reaction. Pd dissolution under the conditions applied in ASTs
was monitored by setup consisting of EFC coupled with ICP-
MS (EFC-ICP-MS). Nanoscale degradation mechanism of Pd/
C was revealed by IL-SEM imaging taken before, during and
after ASTs.

2. METHODS
Pd/C commercial catalyst with 20 wt % Pd on carbon was
provided by Premetek. Catalyst ink was prepared by mixing 1
mL of Milli-Q water with 1 mg of Pd/C powder. To obtain
finely dispersed catalyst ink, the mixture was placed in ice-
cooled ultrasonic bath for minimum 15 min. Rotating disc
electrodes (RDEs) made of glassy carbon (GC) discs (5 mm in
diameter) embedded in Teflon holders were used as working
electrodes. GC RDEs were hand-polished with 0.05 μm
alumina paste followed by removal of alumina residues in Milli-
Q water in ultrasonic bath. Pd/C thin films (TFs) were
prepared by drop-casting 20 μL of the Pd/C catalyst
suspension onto the RDE surface directly from an ultrasonic
bath to ensure good dispersion. Electrodes were placed in a
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desiccator box to avoid contamination and to allow slow drying
to obtain homogeneous catalyst films. Afterward, films were
covered with 5 μL of Nafion (5 wt % in mixture of lower
aliphatic alcohols and water, Sigma-Aldrich) solution in
isopropanol (1:50) to provide good adhesion.
The cleanliness of the electrochemical cell and all

accompanying glassware was maintained by boiling in distilled
water followed by extensive rinsing with Milli-Q water before
and after each experiment. Electrochemical measurements
were conducted in a three electrode setup, with a thin Pd/C
film covered RDE (TF-RDE) as the working electrode. Glassy
carbon rod was used as a counter electrode rather than Pt or
Au to avoid possible contamination of the electrolyte by the
dissolution of these metals. The reference Ag/AgCl electrode
was separated from the main cell compartment by an
electrolytic bridge to eliminate possible chloride leakage into
the electrolyte, as it would have an important impact on the
stability tests. All potentials in this work are given with respect
to a reversible hydrogen electrode (RHE).
ASTs were performed in 0.1 M HClO4 electrolyte prepared

by mixing the appropriate amounts of concentrated perchloric
acid (Rotipuran Supra 70%, Carl Roth) and Milli-Q water.
Rapid electrochemical activation of Pd/C samples was used to
ensure electrolyte penetration into catalyst layer and to reach
stable voltammetric response. Activation consisted of 10 CVs
taken at a sweep rate of 300 mV/s in the potential region
0.05−1.28 VRHE, followed by two slow scan CVs (50 mV/s) in
the same potential region, which were used as the baseline for
the following degradation studies. HER polarization curves
were then collected at a scan rate of 10 mV/s in the potential
range between 0.2 and −0.1 VRHE. AST consisted of 5000
rapid CV scans (1 V/s) in two different potential regions:
AST1 was performed in potential window 0.4−1.4 VRHE, while
AST2 was performed in the potential region 0.05−1.4 VRHE. At

every 1000 scans, a pair of control slow scan CVs and HER
polarization curves were recorded to monitor the progress of
degradation.
Characterization of pristine Pd/C powder by XRD was

performed on a PANalytical X’Pert PRO MPD (PANalytical
B.V., Almelo, The Netherlands) device with a Cu Kα1
radiation (λ = 1.5406 Å) in the α1 configuration with a
Johansson monochromator on the primary side. The diffracto-
grams were recorded with 0.034° resolution and 100 s signal
integration time in the 2θ range from 10 to 60°. For TEM
imaging (JEOL JEM-ARM200CF, Ltd., Tokyo, Japan operated
at 80 kV), initial Pd/C suspension was diluted 10 times with
Milli-Q water and 5 μL of resulting catalyst ink was drop-
casted onto TEM grid. IL-SEM images of the Pd/C sample
before, during, and after both ASTs were acquired on field-
emission scanning electron microscope (Supra 35 V, Carl
Zeiss, Germany). GC electrodes with deposited Pd/C film
were mounted onto SEM stage via dedicated homemade
holder that provides electrical contact between stage and glassy
carbon tip.
The EFC-ICP-MS system for the potential resolved analysis

of the dissolved metals is described in detail in our previous
works.38,41 Briefly, setup consists of an EFC, which is custom-
made from polyether ether ketone (PEEK) based on a design
of a commercial cell (cross-flow cell, BASi), connected to an
ICP-MS instrument (Agilent 7900, Agilent Technologies),
equipped with a MicroMist glass concentric nebulizer and a
Peltier cooled Scott-type double-pass quartz spray chamber.
The electrolyte flow at a constant rate of 400 μL/min was set
in the direction from the counter electrode toward the working
electrode with a mechanical syringe pump. Glassy carbon discs
(3 mm diameter) embedded into the PEEK material of EFC
(ALS dual-type electrode for cross-flow cell, 25 mm × 25 mm)
served as the working and counter electrode. They were

Figure 1. Characterization of Pd/C catalyst: (a) XRD spectrum; (b) TEM imaging; (c) SEM imaging (scale bar corresponds to 100 nm); (d)
cyclic voltammogram of Pd/C (0.1 M HClO4, 50 mV/s).
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cleaned in the same way as described above for RDE GC
electrodes. The Pd/C catalyst suspension (1 mg/mL) was
coated (5 μL) on one of the GC disks and left to dry slowly
under ambient conditions. An Ag/AgCl reference electrode
with a ceramic frit (MW-2030, BASi) was used as a reference
electrode, and its potential was previously determined versus a
RHE in a RDE setup. The standardization curve was
determined based on the standard solutions containing 1, 2,
5, 10, 20, 50, and 100 ppb of Pd.

3. RESULTS AND DISCUSSION
3.1. Characterization of Pristine Pd/C Catalyst.

Characterization of the commercial Pd/C material (20 wt %,
Premetek) used in this work is presented in Figure 1. The
diffraction pattern of Pd/C, given in Figure 1a, contains peak
at 25.3° corresponding to graphite (200) planes of carbon
support, while peaks at 40.3° and 46.4° correspond to the
(111) and (200) reflections of the face centered cubic lattice of
Pd (JCPDS card no. 05-0681).
TEM imaging, given in Figure 1b, shows that Pd/C sample

contains uniform-sized Pd nanoparticles, the majority of which
have a diameter in the range between 2 and 6 nm (particle size
distribution not shown). It should be mentioned that particle
agglomeration has been observed randomly, but not
frequently. SEM imaging of Pd/C catalyst deposited on glassy
carbon in the TF-RDE setup, Figure 1c, confirm the properties
observed in TEM imaging. Cyclic voltammogram of Pd/C,
Figure 1d, was obtained after short electrochemical activation
in 0.1 M HClO4 electrolyte and used as the baseline for the
following degradation studies. All well-known electrochemical
features of palladium nanoparticles in acid media can be
seen.22 At more negative potentials than 0.1 VRHE, electro-

sorption of hydrogen into Pd nanoparticles takes place,42,43 as
can be seen by the current drop in the negative going scan and
its counterpart at positive going scan due to desorption. Hupd
peaks appear at potentials between 0.1 and 0.40 VRHE followed
by the double layer region at more positive potentials. Since
Hupd and hydrogen electrosorption are well-separated in the
case of Pd nanoparticles,42,43 charge corresponding to the Hupd
process will be used to track the ESA of the Pd/C during
degradation.44 In the forward scan, Pd oxidation commences at
potentials around 0.60 VRHE, while the corresponding Pd-oxide
reduction peak is centered at around 0.68 VRHE in the
backward sweep.

3.2. Accelerated Stress Test 1: Potential Region 0.4−
1.4 VRHE. AST1 was performed by subjecting the Pd/C catalyst
to 5000 rapid CV scans (1 V/s) in the 0.1 M HClO4
electrolyte in the potential window 0.4−1.4 VRHE. Results
showing the impact of AST1 on the electrochemistry of Pd/C
are given in Figure 2.
Comparison of the CVs taken periodically during AST1,

given in Figure 2a, clearly points out the significant
degradation of the Pd/C. To quantify degradation, the Pd
ESA was estimated Figure 2a by calculating the charge
corresponding to Hupd peaks.

44 Significant degradation of Pd/
C is illustrated in Figure 2b by the progressive decay of Pd ESA
to only 11% of the initial value at the end of the degradation
test. Polarization curves for HER collected during AST1 are
given in Figure 2c. A voltammetric peak in the potential range
between 0.1 and 0.015 VRHE corresponds to the hydrogen
electrosorption into Pd nanoparticles,42,43 while HER
commences and proceeds at more negative potentials. Clearly,
both HER activity and hydrogen electrosorption are impacted
by degradation during AST1 in the same fashion.

Figure 2. AST1 performed by potential cycling (1 V/s) in the range between 0.4 and 1.4 VRHE in 0.1 M HClO4: (a) CVs for monitoring of the loss
of Pd ESA (50 mV/s); (b) corresponding decay of Pd ESA calculated from Hupd charge; (c) corresponding HER polarization curves (10 mV/s).

Figure 3. EFC-ICP-MS results of Pd dissolution during AST1: (a) electrochemical activation of the Pd/C; (b) 1000 rapid AST1 scans (1 V/s) in
the potential region 0.4 and 1.4 VRHE. OCP periods were applied before and after activation to ensure stabilization of Pd dissolution signal.
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The extent of Pd dissolution from Pd/C during AST1 was
studied using EFC-ICP-MS setup, and obtained results are
presented in Figure 3. The protocol was the same as in the TF-
RDE setup, and it included short activation followed by 1000
rapid AST1 scans, with OCP periods between to provide
stabilization of the ICP-MS signal. Activation of the Pd/C,
given in Figure 3a, already led to rather substantial dissolution
since 7.1% of the total Pd mass from the catalytic layer is
leached in the electrolyte flow. To illustrate how significant this
is, one should note that in the case of Pt/C and Rh/C catalysts
used in our previous studies (unpublished results), the amount
of metals dissolved during (even longer) activation procedures
was calculated to 0.38% and 0.025%, respectively. Having this
in mind, we should also note that recording of the slow scan
CVs for tracking of Pd ESA (given in Figure 2a) after each
1000 AST1 cycles brings additional stress to the Pd/C
material; however, degradation caused by prolongued AST
should still be dominant. In any case, significant Pd dissolution
from Pd/C during very short electrochemical activation
already puts a question mark on the usage of Pd/C in energy
conversion devices.
EFC-ICP-MS analysis of Pd dissolved during the first 1000

rapid AST1 scans is given in Figure 3b. Occasional spikes in
the dissolution profile most likely originate from the formation
of the microbubbles due to the high scan rate (1 V/s) and
correspondingly high currents at both working and counter
electrodes. In the first 1000 AST1 scans, around 53% of Pd
mass left in the sample after activation is detected in the
electrolyte stream by ICP-MS, Figure 3b. Corresponding ESA
decay in TF-RDE setup is around 31% (Figure 2b). This
difference could originate from different hydrodynamic
conditions during measurements in TF-RDE and EFC setups.
Namely, electrolyte flow in EFC-ICP-MS setup promotes mass
transport of dissolved Pd species from the catalyst layer and

prevents or reduces the possibility for redeposition, which is
common degradation mechanism for nanoparticulated cata-
lysts.45 In the case of TF-RDE setup, no electrode rotation was
applied and hence the probability of redeposition of dissolved
Pd species is higher than in EFC setup. To check this
hypothesis, AST1 in TF-RDE setup was performed under
electrode rotation at 1600 rpm, which resulted in extremely
fast degradation. After only 1000 AST1 scans practically no Pd
features are visible in the corresponding CV (see Figure 2a,
dotted gray line). Such rapid degradation is followed by the
accordingly significant decay of HER activity (see Figure 2c,
dotted gray line). Under rotation, mass transport of dissolved
Pd is enhanced and catalyst degradation by dissolution is more
dramatic, while redeposition is suppressed. Therefore, a direct
correlation between results of AST1 in TF-RDE and in EFC-
ICP-MS setups cannot be drawn; however, they do confirm
substantial Pd/C degradation.
Local morphological nanoscale changes in the Pd/C sample

were visualized by IL-SEM imaging before and after AST1 to
expose degradation mechanism. IL-SEM images, given in
Figure 4, show quite significant degradation of the Pd/C at the
end of applied stress test, which is in agreement with results
obtained in TF-RDE and EFC-ICP-MS setups.
Top panel IL-SEM images (Figures 4a,c) were taken at

higher magnification, and it can be seen that AST1 led to the
two significant changes: (i) a substantial amount of Pd
nanoparticles is absent and (ii) the appearance of up to a two
to three times larger Pd particles. The same features can be
seen in bottom panel images taken at lower magnifications
(Figures 4b,d), meaning that degradation is uniform across the
catalyst film. Since we showed earlier that both dissolution and
redeposition are involved in degradation, it can be concluded
that observed particle growth is a consequence of the so-called
3D Ostwald ripening.45,46 This degradation mechanism,

Figure 4. IL-SEM imaging of the Pd/C sample: (a,b) before and (c,d) after AST1 (0.1 M HClO4, 5000 scans at 1 V/s, potential range between 0.4
and 1.4 VRHE). Scale bars correspond to 100 nm.
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otherwise common for Pt/C catalysts,34,45,46 proceeds via
dissolution of nanoparticles in the electrolyte followed by
redeposition. Smaller particles in the sample are more prone to
dissolution than larger ones,37,45−47 while redeposition
preferentially occurs on larger particles as these are energeti-
cally more favorable.34,45 Overall, IL-SEM imaging complies
well with TF-RDE and EFC-ICP-MS results, which all together
show that degradation of Pd/C during AST1 proceeds via
dissolution followed by redeposition.
3.3. Accelerated Stress Test 2: Potential Region 0.05−

1.4 VRHE. To check the influence of the lower potential limit
on the degradation of Pd/C, AST2 was performed in the
potential region between 0.05 and 1.4 VRHE and results
obtained in TF-RDE setup are given in Figure 5. Such fast
spikes between low and high potentials are often encountered
in fuel cells and electrolyzers during switching on/off and are
known to be particularly damaging for Pt/C catalysts. In this
case, rather severe degradation of Pd/C occurs as can be seen
in Figure 5a by fast decline of Pd features in the CVs taken

during AST2. Pd ESA decays rapidly, as evident from Figure
5b. After only 3000 AST2 scans, Hupd peaks are barely visible
and cannot be integrated in a precise manner, as well as Pd-
oxide reduction peak, however, their presence means that Pd is
not completely degraded from the catalyst layer. Correspond-
ing impact of the degradation during AST2 on HER reactivity
(and hydrogen electrosorption) is evident from Figure 5c.
The amount of Pd dissolved during 1000 AST2 scans

calculated from EFC-ICP-MS (data not shown) was practically
equal to the amount of Pd dissolved during AST1 (within a
few percent difference). This was to a certain extent expected,
as changing the lower potential limit to a more negative value
should not result with higher transient Pd dissolution, since
both used lower potential limits provide full reduction of Pd-
oxide. The impact of rotation on degradation during AST2 is
in accordance with AST1 (see dotted gray lines in Figure 5a
and c), confirming the influence of mass transport of dissolved
Pd species onto degradation. Therefore, it is reasonable to
assume that redeposition of Pd is more effective at lower

Figure 5. AST2 performed by potential cycling (1 V/s) in the range between 0.05 and 1.4 VRHE in 0.1 M HClO4: (a) CVs for monitoring of the
loss of Pd ECSA (50 mV/s,); (b) corresponding decay of Pd ESA calculated from Hupd peaks charge; and (c) corresponding HER polarization
curves (10 mV/s).

Figure 6. IL-SEM imaging of the Pd/C sample: (a,b) before and (c,d) after 3000 AST2 scans (0.1 M HClO4, 1 V/s, potential range between 0.05
and 1.4 VRHE). Scale bars correspond to 100 nm.
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potentials applied in AST2 and responsible for more
pronounced Ostwald ripening and thus more pronounced
ESA decay.
To visualize Pd/C degradation on the nanoscale level during

AST2, IL-SEM was performed before and after 3000
degradation cycles and collected images are presented in
Figure 6. Top panel IL-SEM imaging (Figures 6a,c) taken at
higher magnifications shows that Pd/C degradation during
AST2 results in a pronounced growth of nanoparticles and
particularly large Pd-nanocrystals. This growth seems to occur
predominantly on top of the catalysts layer, while a significant
portion of Pd particles appears missing from the depth of the
sample. Bottom panel IL-SEM images with lower magnifica-
tion (Figure 6b,d) show that degradation is uniform across the
catalyst film. IL-SEM confirms that degradation occurs via
dissolution of Pd particles, followed by redeposition back onto
the outer layer of the catalyst film. Similar phenomena of 3D
Ostwald ripening with the growth of big metallic crystals were
already observed for the case of Pt/C, however only after
prolonged potential cycling (50 000 scans).34

To summarize presented results, significant Pd/C degrada-
tion occurs during stress tests in both used potential regions in
0.1 M HClO4 electrolyte, namely 0.4−1.4 VRHE and 0.05−1.4
VRHE. Substantial and fast decay of Pd ESA followed by the
corresponding drop of the HER activity were obtained in the
TF-RDE setup, while the EFC-ICP-MS setup detected
significant Pd dissolution. IL-SEM revealed that dissolution
was followed by redeposition and particle size growth in the
TF-RDE setup. Redeposition was more pronounced for AST2,
i.e. when lower potential limit was applied, as particularly large
Pd nanostructures were formed on top of the catalyst layer.
Since Pd is regarded as a possible substitute for Pt in fuel

cells and electrolyzers, it is interesting to compare the results
obtained in this work with the stability of Pt/C benchmark.
Electrochemical stability of 20 wt % Pt/C (Premetek) was
studied by exposing the catalyst to a protocol corresponding to
AST2 and comparison with Pd/C degradation is shown in
Figure 7. It is obvious that both catalysts suffer deactivation,
however degradation of Pd/C is clearly much more dramatic
than that of Pt/C.
Calculated from the Hupd charge, the Pt ESA dropped down

to 62.5% of the initial value at the end of the degradation test,
Figure 7a. In the case of Pd/C, the ESA dramatically dropped
down to only 6.5% of the initial value, Figure 7b. Even if Pd
may be a suitable substitute for Pt from the activity point of

view, the comparison given in Figure 7 clearly shows that Pd/
C is much more susceptible to degradation than Pt/C when
subjected to harsh transient start/stop conditions in energy
conversion devices. Another motivation for Pd application
came from its significantly lower cost in the past with respect
to Pt combined with higher abundance. However, the trend in
the prices of Pt and Pd has been slowly changing in the past
decade, and since the middle of 2017, it has reversed. At the
moment, Pd is around two times more expensive than Pt.49

Having all that in mind, in order to sustainably use expensive
Pd for electrocatalytic purposes, special attention must be
devoted to their non-satisfactory stability and strategies to
enhance it. For example, it was shown that implementation of
Au in Pt fuel cell catalysts can promote their durability while
preserving the activity;32,48 hence similar strategies can be
explored in order to provide active and stable Pd-based
nanocatalysts. Therefore, the stability of Pd-based catalysts
should be taken into account and studied systematically for
each particular case of their possible usage; for example, in
both acid and alkaline electrolytes, in the potentiostatic and
potentiodynamic conditions, etc.

4. CONCLUSIONS

In the present contribution, we have demonstrated high
electrochemical instability and rapid degradation of a
commercial Pd/C catalyst by exposing it to AST in the acidic
electrolyte (0.1 M HClO4) in two different potential regions.
In the AST1 performed in potential window 0.4−1.4 VRHE,
significant decay of Pd ESA was observed and coupled with the
loss of HER activity, which was used as a test reaction in this
study. EFC-ICP-MS analysis showed significant Pd dissolution
during AST1, while IL-SEM revealed that dissolution followed
by redeposition is the main degradation mechanism. As for
AST2, performed in the potential region 0.05−1.4 VRHE, even
faster degradation was observed in the TF-RDE setup, while
the amount of dissolved Pd detected in EFC-ICP-MS was
equal as in AST1. IL-SEM revealed that redeposition was
additionally promoted at lower applied potentials in AST2,
leading to the formation of particularly large Pd nanostructures
on the top of the catalyst layer. Results presented in our
contribution emphasize the importance of systematic study of
the durability of nanoparticulated Pd catalysts, since it may
present a limiting factor for their application in energy
conversion devices.

Figure 7. Comparison of the degradation of Pt/C and Pd/C catalysts during AST2 (0.1 M HClO4, 3000 scans at 1 V/s, 0.05−1.4 VRHE). Presented
CVs are recorded in 0.1 M HClO4 electrolyte in the potential range 0.05−1.28 VRHE at a scan rate of 50 mV/s before (full lines) and after (dashed
lines) degradation test. Loadings of Pt and Pd were adjusted to 5 and 4 μg, respectively.
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P.; Hodnik, N.; Gabersčěk, M. The Importance of Temperature and
Potential Window in Stability Evaluation of Supported Pt-Based
Oxygen Reduction Reaction Electrocatalysts in Thin Film Rotating
Disc Electrode Setup. J. Electrochem. Soc. 2020, 167, 114506.
(37) Smiljanic,́ M.; Petek, U.; Bele, M.; Ruiz-Zepeda, F.; Šala, M.;
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