
Oxidative Stability Matters: A Case Study of Palladium Hydride
Nanosheets for Alkaline Fuel Cells
Huiqi Li,§ Rui Zeng,§ Xinran Feng,§ Hongsen Wang, Weixuan Xu, Xinyao Lu, Zhaoxiong Xie,*
and Héctor D. Abruña*

Cite This: J. Am. Chem. Soc. 2022, 144, 8106−8114 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Pd-based electrocatalysts are considered to be a promising alternative to Pt in
anion-exchange membrane fuel cells (AEMFCs), although major challenges remain. Most of the
Pd-based electrocatalysts developed for the sluggish oxygen reduction reaction (ORR) have been
exclusively evaluated by rotating disk electrode (RDE) voltammetry at room temperature, rather
than in membrane electrode assemblies (MEAs), making it challenging to apply them in practical
fuel cells. We have developed a series of carbon-supported novel PdHx nanosheets (PdHx NS),
which displayed outstanding ORR performance in room-temperature RDE tests. Specifically, a
sample synthesized at 190 °C displayed a mass activity of 0.67 A mg−1 and a specific activity of
1.07 mA cm−2 at 0.95 V vs RHE, representing the highest reported value among Pd-based ORR
electrocatalysts in alkaline media and higher than Pt-based catalysts reported in the literature.
Furthermore, we employed PdHx NS and commercial Pd/C as model catalysts to systematically
study the effects of temperature on their ORR activity in RDE measurements and subsequently
evaluated their performance in MEA testing. Our observations indicate/demonstrate how
oxidative stability affected the ORR performance of Pd-based electrocatalysts, which provided
some critical insights into future ORR catalyst development for alkaline fuel cell applications.

■ INTRODUCTION

Anion-exchange membrane fuel cells (AEMFCs) have made
significant advances in recent times and now display great
potential to become an alternative to proton exchange
membrane (PEM) fuel cells.1 The sluggish ORR kinetics in
fuel cells, however, requires the use of large amounts of Pt.
Hence, there is a pressing need to develop and explore other
non-Pt based and non-noble metal electrocatalysts to alleviate
our reliance on Pt. Previous studies have shown that the ORR
activity of Pd is comparable to that of Pt among noble metal-
based single crystals in alkaline media,2 indicating that Pd can
be a promising alkaline ORR electrocatalyst. Recently, there
have been reports of improved ORR performance with Pd-
based electrocatalysts in alkaline media, which even out-
performed Pt-based electrocatalys.3−9 Among those high-
performance Pd-based electrocatalysts, Pd-based nanosheets
exhibited some of the highest ORR activities, as their two-
dimensional (2D) structure provided a high specific surface
area, strain effects with atomic thickness, as well as high density
of unsaturated atoms exposed on the surface.9,10 Moreover, Pd
hydride (PdHx) has been demonstrated to play an important
role in enhancing ORR activity.11,12

Although dramatic improvements in ORR activity in alkaline
media have been achieved with Pd-based electrocatalysts, there
have been very limited reports on Pd-based systems that
exhibit higher performance than that of Pt in AEMFC testing
based on membrane electrode assemblies (MEAs). The

majority of reported Pd-based electrocatalysts have been
exclusively studied in the liquid electrolyte using a rotating
disk electrode (RDE), but rarely in an MEA. The RDE testing
method is a well-established procedure that has been widely
accepted for determining the mass activity and specific activity
of catalysts, playing a key role in the preliminary screening of
high-performance electrocatalysts. Nevertheless, a high activity
under RDE conditions does not necessarily guarantee the same
performance in an MEA because their ORR operating
conditions are substantially different.13,14 For instance, most
RDE measurements are conducted at room temperature in
liquid electrolyte with low O2 solubility, while MEA experi-
ments are carried out at much higher temperatures (60−80
°C) using an ion-exchange polymer electrolyte.15 For Pd-based
electrocatalysts, the oxidative stability is supposed to play a
dominant role in determining the ORR performance, given
that Pd is more easily oxidized by oxygen than Pt-based
electrocatalysts, especially under the MEA’s harsh testing
conditions. Unfortunately, the oxidative stability has been
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rarely recognized and systematically studied in regular RDE
tests.
In this study, we focus on the oxidative stability of Pd-based

electrocatalysts. First, we successfully synthesized a series of
PdHx nanosheets supported on high-surface-area carbon
(PdHx NS) by controlling the synthesis temperature and CO
pressure. We then rigorously evaluated the ORR performance
of the as-synthesized PdHx NS in alkaline media and compared
their performance to that of commercial Pd/C and Pt/C. Our
results indicate that these PdHx NS exhibit outstanding ORR
activity. In particular, a sample synthesized at 190 °C (PdHx
NS-190) displayed a mass activity of 0.67 A mg−1 and a
specific activity of 1.07 mA cm−2 at 0.95 V vs RHE,
representing the highest reported value for Pd-based ORR
electrocatalysts in the literature. We next explored how the
oxidative stability of Pd-based electrocatalysts affected their
ORR performance in alkaline media by employing PdHx NS
and commercial Pd/C as model catalysts. Finally, we
demonstrate that the excellent ORR performance of PdHx
NS displayed at room temperature could not be sustained at
high temperatures, mainly due to low oxidative stability. This
finding was also confirmed by realistic fuel cell evaluations
based on MEAs and stressed the importance of oxidative
stability of ORR electrocatalysts for practical fuel cell
applications.

■ RESULTS AND DISCUSSION

Synthesis and Structural Characterization of Carbon-
Supported PdHx Nanosheets. Carbon-supported PdHx NSs

were synthesized via a one-pot solvothermal method, as
illustrated in the synthesis schematic (Figure 1). Pd(acac)2 was
employed as the precursor while CO acted both as the
reductant and a morphological regulator. The synthesis details
can be found in the Supporting Information. By controlling the
synthesis temperature (80, 140, and 190 °C) and CO pressure,
a series of highly dispersed carbon-supported PdHx NSs was
obtained (denoted as PdHx NS-80, PdHx NS-140, and PdHx
NS-190, respectively). The morphology of the as-synthesized
carbon-supported PdHx NSs was first investigated via trans-
mission electron microscopy (TEM) and scanning trans-
mission electron microscopy (STEM) (Figure 1a1−c1, Figure
1a2−c2). The as-prepared PdHx NSs were homogeneously
distributed over the carbon support, which promoted the
dispersion of the nanosheets during the growth process. The
PdHx NS-80 sample displayed ultrathin PdHx nanosheets with
lateral sizes reaching more than 200 nm, making them very
susceptible to electron beam damage during characterization.16

With increasing synthesis temperature, the nanosheets tended
to fold and curl at the edges, yielding a relative increase in
thickness but a shrinkage in size.
The crystal structures and phases of the PdHx NSs were

analyzed with X-ray diffraction (XRD). As shown in Figure 2a,
the XRD patterns of PdHx NSs synthesized at different
temperatures displayed the same characteristic spectral
patterns, typical of the face-centered cubic (fcc) structure.
Compared to the Pd standard reference, however, the PdHx
NSs exhibited clear shifts to lower 2θ values, indicating an
increase in the lattice parameter. The lattice expansion is

Figure 1. Schematic of synthesis procedure and morphology of carbon-supported PdHx NS. (a1−c1) TEM images and (a2−c2) corresponding
STEM images of carbon-supported PdHx NS-80, PdHx NS-140, and PdHx NS-190.
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unlikely to be due to alloying with metals with larger radii
because no other metal was employed in the synthesis.
Consequently, the significant increase in the lattice parameter
likely resulted from hydrogen incorporation, as Pd is known to
incorporate hydrogen atoms into the interstitial sites, leading
to a lattice expansion.17,18 The hydride formation was further
corroborated by annealing the treated samples, which
subsequently exhibited the XRD patterns that matched well
with the Pd standard reference. This observation represents
compelling evidence that the annealing treatment promoted
the release of hydrogen in the Pd lattice, confirming the
presence of palladium hydride. X-ray photoelectron spectros-
copy (XPS) was also used to probe the chemical states of Pd in
PdHx NSs. Figure 2b presents high-resolution spectra of Pd 3d
orbitals, in which the characteristic spin-orbit splitting leads to
3d3/2 and 3d5/2 peaks with an energy spacing of 5.3 eV.
Compared to their corresponding annealed counterparts, PdHx

NSs exhibited a shift toward a higher binding energy of 0.43
eV, suggesting that electron transfer from Pd to H leads to a
downshift of the d-band center.19

Synchrotron-based X-ray absorption spectroscopy (XAS)
was employed to further characterize the geometric structure,
coordination environment, and electronic states of Pd in PdHx
NSs. The X-ray absorption near edge structure (XANES)
spectra of the Pd K-edge were acquired and calibrated against a
Pd foil with an edge energy of 24,350 eV. As presented in
Figure 2c, the relatively smaller energy difference between the

P1 and P2 peaks of PdHx NSs samples, relative to the Pd foil,
indicates that the d-band center shifted to lower energy, in
good agreement with XPS observations.19,20 In addition to the
information from the XANES spectra, the extended X-ray
absorption fine structure (EXAFS) spectra provided more
detailed insights into the coordination environment of Pd and
Pd−Pd bond distances. Figure 2d shows the k3-weighted
EXAFS spectra after Fourier transforming, in which the
strongest peak at around 2.5 Å corresponds to the first
scattering shell of Pd−Pd. In contrast to Pd foil, three kinds of
PdHx NSs displayed clearly longer radial distances for the first
scattering shell, suggesting that H incorporation led to a lattice
expansion, consistent with the XRD results. Additionally, the
intensities in the Fourier transform (FT) of PdHx NSs were
significantly reduced, likely resulting from the much lower
overall coordination numbers relative to bulk Pd. Furthermore,
the incorporation of hydrogen atoms into the lattice could give
rise to structural disordering to some extent and further reduce
the intensities of FT peaks.19 It is also worth noting that PdHx

NSs synthesized at different temperatures displayed slightly
different oscillation intensities, suggesting non-negligible
changes in their coordination environment. Specifically, the
intensities increased in following sequence: PdHx NS-80 <
PdHx NS-140 < PdHx NS-190, suggesting increased
coordination numbers with increasing temperature. This
feature likely originated from the curling and thickening of
the nanosheets, as observed in the TEM and STEM images.

Figure 2. X-ray characterization of the structure of Pd-based NS. (a) XRD patterns of PdHx NS electrocatalysts, and comparison to fcc Pd
reference. (b) XPS high-resolution spectra of Pd 3d orbitals (3d3/2 and 3d5/2). (c) XANES spectra and (d) Fourier transform (FT) of k3-weighted
EXAFS spectra of PdHx NS synthesized at different temperatures. A reference Pd foil is also shown for comparison.
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Electrocatalytic Evaluation of Carbon-Supported
PdHx Nanosheets. The electrochemical properties of
carbon-supported PdHx NSs were evaluated in 1 M KOH
with RDE voltammetry. Figure 3a presents the cyclic
voltammograms (CV) of carbon-supported PdHx NSs and
commercial JM-Pd/C, which enabled the identification of
surface structural features. Different from Pt/C (Figure S1a),
the Pd-based catalysts displayed asymmetric hydrogen
adsorption/desorption features without a well-defined double
layer, probably due to hydrogen absorption and complex OH
adsorption process.21 While Pd/C exhibited strong character-
istic hydrogen absorption features below 0.2 V vs RHE, similar
patterns in the carbon-supported PdHx NSs catalysts were
significantly suppressed. This sharp contrast is reasonable
because there would be few available spaces for further
hydrogen absorption once the Pd lattice is filled with stable
hydrogen atoms after palladium hydride formation. In the
anodic scan, a symmetric peak emerged at 0.6 V, likely due to
the oxidation of Pd{111} facets.21 At higher potentials, the
oxidation current gradually increased but without prominent
oxidation peaks, eliminating contributions from Pd{100}
facets.22,23 In the cathodic scans, a significant peak, assigned
to the reduction of oxidized Pd, could be observed near 0.7 V.
It is worth noting that both Pd/C and PdHx NSs catalysts
displayed a clear shoulder near 0.57 V, in agreement with the
previously reported CV features of Pd{111} single crystals.22

This observation suggests that the surfaces of PdHx NSs and
Pd/C catalysts are dominated by Pd{111} facets. Moreover,

Pd/C exhibited an additional shoulder at 0.64 V, which could
be ascribed to Pd{111} or Pd{100} steplike sites on the
surface.24 These steplike features, however, were relatively
weaker in the PdHx NS-80 and PdHx NS-140 catalysts and
even absent in PdHx NS-190. These results revealed that the
step site density in PdHx NSs catalysts is significantly lower
than that on Pd/C and decreases with increased synthesis
temperature, consistent with the increase in the average
coordination numbers, as inferred from the EXAFS spectra.
These observations highlight the importance of employing CV
features for surface structure identification.
The ORR performance was tested in an O2-saturated 1 M

KOH solution at a rotation rate of 1600 rpm. Figure 3b
presents the ORR polarization profiles of the carbon-supported
PdHx NSs, compared to the benchmark catalysts of
commercial Pt/C and Pd/C. In the lower potential regions
(0.3−0.8 V), those catalysts displayed a well-defined diffusion-
limited current density, converging at 3.75 mA/cm2, a value
indicative of a four-electron process. It should be noted that
this value is lower than that commonly reported in 0.1 M KOH
solution (ca. 5.7 mA/cm2) because the O2 solubility in 1 M
KOH solution decreases to ∼70% of that in 0.1 M KOH
solution.25 In the kinetic and mass-transport-controlled
regions, those catalysts exhibited significantly different electro-
catalytic properties. All three carbon-supported PdHx NS
catalysts displayed superior ORR performance, with half-wave
potentials (E1/2) positive to those of Pt/C and Pd/C, by more
than 70 and 40 mV, respectively. The much smaller Tafel slope

Figure 3. Electrochemical properties of PdHx NS compared to commercial Pt/C and Pd/C. (a) CV in Ar-saturated 1 M KOH solution (scan rate:
20 mV/s); arrow is intended to indicate the presence of shoulder peaks in the voltametric profiles for PdHx NS-80 and JM-Pd/C, respectively; (b)
anodic scan of ORR polarization curves in O2-saturated 1 M KOH solution (scan rate: 5 mV/s; rotation rate: 1600 rpm). The current was
normalized to the geometric area of the electrode. The inset shows the magnified kinetic-diffusion controlled regions for better comparison; (c)
ORR Tafel plot with kinetic current extracted from (b); (d) mass activity (MA) and specific activity (SA) obtained via normalizing the kinetic
current extracted at 0.95 V vs RHE; (e) ORR selectivity measured by RRDE; (f) ORR activity comparison among the literature-reported Pd-based
electrocatalysts measured at 0.95 V vs RHE (detailed information is available in Table S2).
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(TS) shown in Figure 3c further confirmed the enhanced
reaction kinetics of the carbon-supported PdHx NS catalysts. It
should be noted that the lattice H remained stable after ORR
tests (Figure S2). In order to further quantify the ORR
activities, the kinetic currents derived from the Koutecky−́
Levich equation, at 0.95 V, were normalized to the mass and
electrochemical surface areas (ECSAs) (Figures S1b−d and
Table S1), respectively, yielding mass activity (MA) and
specific activity (SA). As shown in Figure 3d, carbon-
supported PdHx NS catalysts significantly outperformed
commercial Pt/C and Pd/C by more than 30 and 10 times,

respectively, with PdHx NS-190 exhibiting the highest MA at
0.67 A/mg. Moreover, the SA of PdHx NS-190 approached 1.1
mA/cm2, corresponding to 60- and 21-fold enhancements over
Pt/C and Pd/C, respectively. When compared with the
literature, PdHx NS-190 represents the most active one among
reported Pd-based ORR catalysts (Figure 3f and Table S2).
We ascribe this impressive activity to not only its superior
intrinsic activity but also to good dispersion, resulting from the
carbon support, which mitigated agglomeration and aggrega-
tion of nanosheets during synthesis (Figure S3).

Figure 4. Oxidative stability evaluation of PdHx NS catalysts. (a) ORR polarization curves of 20 wt % commercial Pt/C, Pd/C, and PdHx NS with
anodic (solid) and cathodic (dashed) scans; inset displays half-wave potential differences between the two scans; (b,c) CV curves of Pt and Pd
microelectrodes in argon- (0% O2), air- (21% O2), and oxygen-saturated (100% O2) 1 M KOH solution at a scan rate of 2000 mV/s; (d−f) CV
profiles of 60 wt % commercial Pt/C (d), Pd/C (e), and PdHx NS (f) measured between 273 and 353 K in Ar-saturated 1 M KOH solution (scan
rate: 20 mV/s); (g−i) ORR polarization curves of 60 wt % commercial Pt/C (g), Pd/C (h), and PdHx NS (i) measured between 273 and 353 K in
O2-saturated 1 M KOH solution (scan rate: 5 mV/s, rotation rate: 1600 rpm).
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It is worth noting that the intrinsic activities of PdHx NSs
catalysts exhibited a dependence on synthesis temperature with
the following order: PdHx NS-80 < PdHx NS 140 < PdHx NS-
190, which is opposite to contributions from step sites. This
correlation suggests that the ORR activity is closely associated
with changes in the active sites on the surface, which would be
an anticipated result. Specifically, Pd{111} has been reported
to exhibit the highest ORR performance in alkaline media
compared to the other two low index facets, and the presence
of step sites could result in lower ORR activity.22 Because the
surface of PdHx NS-190 was dominated by {111} facets with
minimal step sites, it is reasonable that PdHx NS-190 exhibited
the highest activity among the three PdHx NS catalysts studied
here. However, the small difference in voltametric features,
arising from step sites in Figure 3a, may not be enough to
account for the almost twofold difference in activity between
PdHx NS-190 and NS-140, as shown in Figure 3d. It is likely
that the increase in nanosheet thickness also contributes to the
observed ORR performance, as indicated by the narrower
diffraction peaks (Figure 2a) and smaller ECSAs (Figure S1d
and Table S1) with increased synthesis temperature. Pd and Pt
nanoparticles are known to exhibit strong particle size effects;
the SA could increase by more than a factor of 2 when the
average particle size changed from 3 to 5 nm.26 Accordingly,
the thicker nanosheets in PdHx NS-190 likely played a role in
boosting its SA. Moreover, the H/Pd ratios, estimated from 2θ
values in the XRD patterns (Figure 2a), differ by 5% for PdHx
NS-140 (17%) and NS-190 (12%), which may further
contribute to the improved ORR performance.
To evaluate the long-term stability of the most active PdHx

NS catalysts, accelerated durability testing was conducted in
O2-saturated 1 M KOH over the potential region from 0.6 to
0.95 V at a scan rate of 100 mV/s for 10,000 cycles. The
catalyst displayed a clear diminution of the surface area (Figure
S4) and the morphology of the original nanosheets became
porous, likely due to electrochemical dissolution and oxidation
of Pd as well as detachment of some nanosheets from the
substrate. Moreover, the ORR polarization curve exhibited a
negative shift of 20 mV compared to the initial one.
Nevertheless, the half-wave potential was still much higher
than those of commercial Pd/C and Pt/C electrocatalysts.
The ORR selectivity (H2O or H2O2) of the catalysts was

assessed by the rotating ring disk electrode (RRDE)
voltammetry, in which the potential of the Pt ring was held
at 1.3 V to capture any H2O2 generated at the disk. Figure 3e
presents the calculated H2O2 yield and the electron transfer
number at different potentials, derived from the measured ring
and disk currents. Generally, all the Pd catalysts exhibited an
increase in the H2O2 yield when moving from higher potentials
to lower ones, with a clear decline in the electron transfer
number. This is likely due, at least in part, to the increased
ORR current generated from the carbon support, which cannot
completely reduce O2 to H2O but, instead, produces H2O2.

27

Overall, the PdHx NSs catalysts exhibited significantly lower
H2O2 yields and higher electron transfer numbers when
compared to Pt/C and Pd/C, indicating excellent selectivity
for the four-electron reduction of O2 to H2O. Among them,
PdHx NS-190 displayed the lowest H2O2 yield (<2%) over the
studied potential range, with peroxide yields as low as 0.44% at
0.9 V and an average electron transfer number of 3.96, very
close (and within experimental error) to the 4-electron
process. These RRDE results indicate that PdHx NSs catalysts
can effectively promote the complete reduction of oxygen,

contributing to an improved energy efficiency and operational
stability in fuel cells.

The Effects of Oxidative Stability on the ORR
Performance. While PdHx NS catalysts displayed remarkable
ORR activity in aqueous media, it remained unclear whether
PdHx NS catalysts could withstand oxidation, especially under
the oxygen-rich and high-temperature conditions of real fuel
cell tests. Unfortunately, the oxidation stability performance of
Pd-based catalysts has been largely neglected in the literature.
Consequently, it was of great importance and interest to
investigate the oxidative stability of PdHx NS catalysts. Figure
4a presents the ORR polarization profiles, including both
anodic and cathodic scans, for 20 wt % catalysts. Compared to
Pt/C, both Pd/C and PdHx NS displayed significant hysteresis,
with the cathodic scan being much more negative than the
anodic scan. Specifically, the half-potential difference (ΔE1/2)
between two scans increased from 12 mV for Pt/C to 53 mV
and 52 mV for Pd/C and PdHx NS, respectively, suggesting
that the surfaces of Pd-based catalysts are easier to oxidize
when compared to Pt. A similar trend was also found with 60
wt % catalysts, usually used in MEA tests (Figure S5). To
further evaluate the importance of oxidative stability, it is
critical to examine the effects of oxygen concentration and
temperature on the ORR performance because the typical
oxidation processes are governed by the concentration of O2
and temperature.
Pd and Pt microelectrodes were employed to study the

effects of oxygen concentration because the iR drop could be
significantly reduced compared to regular RDE electrodes at
high scan rates and the mass transport could be effectively
improved with an electrode size that is comparable to the
thickness of the diffusion layer. Figure 4b,c shows the ORR
polarization profiles of Pt and Pd microelectrodes at a scan rate
of 2000 mV/s, with the O2 content increasing from 0 to 21 and
100%. The high scan rate helped the reduction peak of the
oxidized surface stand out from the ORR background current,
which provided insights into the surface oxidation reduction
features. In contrast to the Pt microelectrode, in which the
reduction peak potential barely changed (Figure 4b), the Pd
microelectrode displayed a clear and significant negative shift
in the reduction peak potential with increasing oxygen content
(Figure 4c), indicating that Pd is more likely to be influenced
by the O2 concentration.
The temperature-dependent ORR kinetics were investigated

over the temperature range from 0 °C (273 K) to 80 °C (353
K). As presented in Figure 4d−f, the CV indicated that all the
catalysts experienced increased oxidation currents, as a result of
increased coverage of OH and oxide species, at higher
potentials with increasing temperatures. The oxidation patterns
of Pd/C and PdHx NS became much more prominent than
those of Pt/C, especially at potentials beyond 0.9 V. In
particular, the oxidation current of Pd/C and PdHx NS at 0.9
V increased by over a factor of 2 while less than an 80%
increase was observed for Pt/C. This finding again suggested
that increasing the temperature could lead to accelerated
surface oxidation. Figure 4g−i shows the ORR polarization
curves for Pt/C, Pd/C, and PdHx NS measured at different
temperatures. Of particular note are the significant changes in
the diffusion-limited current densities with temperature,
primarily as a result of temperature-dependent variations in
oxygen solubility, diffusion coefficients, and kinematic
viscosity.
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The mass-normalized kinetic current densities were
extracted from the ORR polarization curves to quantitatively
understand the effects of temperature on the ORR perform-
ance across different catalysts (Figures 5a and S6a,b). It is
worth noting that the kinetic current densities were also
normalized to the O2 concentrations in an effort to eliminate
the effects from the temperature-dependent changes in O2

concentrations (Table S3).28 As shown in Figure 5a, the ORR
activity of all catalysts measured at 0.95 V displayed a similar
volcano-type response with increasing temperature. PdHx NS
and Pd/C reached their maximum at 303 and 313 K,
respectively, while the turning point for Pt/C occurred only
above 333 K. The most noteworthy aspect of this feature was
that the ORR activity of Pt/C surpassed those of PdHx NS and
Pd/C at temperatures above 343 K, even though they
exhibited much higher ORR activity than Pt/C at lower
temperatures. This observation indicates that the superior
ORR performance of PdHx NS achieved at room temperature
could not be maintained under fuel cell operating temper-
atures. The nonmonotonic profile suggested that temperature
could affect the ORR performance from at least two aspects.

On the one hand, the increase in temperature could promote
the ORR kinetics via a thermal activation process, which is
dominant at lower temperatures. This is further supported by
the Arrhenius plots (Figures 5b and S6c,d), which indicated
that PdHx NS and Pd/C displayed weak thermal activation
behaviors with apparent activation energies of ∼10 kJ/mol at
0.95 V, significantly lower than that of Pt/C (17.9 kJ/mol)
(Figure 5b). On the other hand, the increasing temperature
could also accelerate surface oxidation of the catalysts, leading
to severe degradation in ORR performance at higher
temperatures. Thus, it is reasonable to expect that the ORR
performance of PdHx NS and Pd/C could be significantly
affected by temperature, given that they displayed poorer
oxidative stability.
Both the O2 concentration and temperature dependence

results suggested that the Pd-based catalysts are more likely to
be influenced by oxidation, and thus, their ORR performance
could be severely impacted in the much harsher fuel cell
conditions with high O2 content and high temperature. PdHx

NS, Pd/C, and Pt/C were employed as cathode catalysts in
MEAs to validate their ORR performance under real fuel cell

Figure 5. Effects of temperature on the ORR performance of PdHx NS. (a) Mass activities of 60 wt % commercial Pt/C, Pd/C, or PdHx NS
determined at 0.95 V in anodic scan as a function of temperature. The mass activity was also normalized to the O2 concentration by referencing to
that at 293 K as 1; (b) Arrhenius plots with current density extracted from (a); (c) single cell AEMFC performance with 60 wt % commercial Pt/C,
Pd/C, or PdHx NS as the cathode (0.4 mgmetal/cm

2) and 60 wt % commercial PtRu as the anode (0.4 mgPt+Ru/cm
2). (d) Single cell AEMFC

performance with 20 wt % commercial Pt/C, Pd/C, or PdHx NS as the cathode (0.1 mgmetal/cm
2) and 60 wt % commercial PtRu as the anode (0.4

mgPt+Ru/cm
2). The cell was fed with 500 sccm H2 and O2 and tested at 353 K with 100% relative humidity and 0.2 MPa backpressure.
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testing conditions. Figure 5c,d shows the polarization curves of
an AEMFCs in H2-O2 mode with PtRu/C as the anode
catalyst, illustrating the changes in cell potential and power
density as a function of current density. At the beginning,
PdHx NS and Pd/C displayed similar open-circuit potentials of
∼0.91 V, somewhat lower than that of Pt/C (1.02 V), likely as
a result of more oxidized surface. The following rapid voltage
drop is likely due to kinetic losses before the curves reached a
linear region, where the voltage loss is dominated by Ohmic
resistance. Further increases in the current density could yield
mass transport losses, in which case a peak in power density
(PPD) could be achieved. Thus, the power density displayed a
parabolic shape as a response to current density. As illustrated
in Figure 5c, Pt/C outperformed both PdHx NS and Pd/C
with a PPD of 1.74 W/cm2, a value that is over 40% higher
than those of PdHx NS and Pd/C (1.23 W/cm2). Thus, this
observation clearly demonstrates that PdHx NS and Pd/C are
inferior to Pt/C under real fuel cell operating conditions,
consistent with the predictions from the temperature-depend-
ent RDE results. A similar trend can also be observed in Figure
5d with a lower catalyst loading (20%), except for a slight
decrease in overall performance. Of particular note is that
PdHx NS and Pd/C displayed very similar fuel cell perform-
ance in spite of their differences in the structure and
morphology, indicating that the oxidized surface played a
major role during the fuel cell testing conditions. The possible
structural degradation of PdHx NS was ruled out because the
XAS results indicated that the hydrogen stably remained in
PdHx NS (Figure S7). Therefore, the poor oxidative stability of
Pd-based catalysts might be a road block for their application
in fuel cells. Future studies on Pd-based catalysts should be
more focused on developing strategies to improve the oxidative
stability at elevated temperatures and high O2 concentrations,
rather than merely reporting their ORR activity at room
temperature. The narrow ORR hysteresis in anodic and
cathodic scans and weak temperature-dependent activity
degradation might be useful criteria for designing practical
future Pd-based ORR catalysts.

■ CONCLUSIONS

A series of carbon-supported PdHx nanosheets with high
dispersion was successfully prepared and thoroughly examined
by TEM/STEM, XRD, XPS, and XAS characterizations. The
electrochemical study revealed that the as-synthesized PdHx
NS catalysts possessed dominant Pd{111} facets with a few
step site features and thus displayed superior ORR activity and
excellent reaction selectivity toward the four-electron reduction
of O2 to H2O. In particular, PdHx NS-190 exhibited a record-
high activity among reported Pd-based ORR catalysts.
Nevertheless, the remarkable ORR performance of PdHx NS
observed at room temperature could not be maintained at high
temperatures, as a result of poor oxidative stability. This
observation was also supported by realistic fuel cell evaluation
based on MEAs. Thus, these findings highlight the importance
of oxidative stability of ORR catalysts, which is critical for
future ORR catalyst development for fuel cell applications.
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