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Investigation of the hydrogen oxidation reaction (HOR) in alkaline media has been pursued in the past
few years side by side with the development of alkaline membrane fuel cells (AMFCs), also called anion
exchange membrane fuel cells (AEM-FCs). In this communication, we present the synthesis, electro-
chemistry and AMFC test of a platinum-free HOR catalyst. The anode catalyst is prepared by growing
palladium nanoparticles onto nanoparticles of an oxophilic metal (nickel), resulting in nano-dispersed,
interconnected crystalline phases of Ni and Pd. When used in the anode of a hydrogen/air AMFC, such
Pd/Ni catalyst exhibits high HOR activity, resulting in record high performance for a platinum-free AMFC
(0.4 A cm�2 at 0.6 V vs RHE). The enhancement of HOR catalytic activity vs. that observed at Pd (or Ni)
alone is revealed directly in rotating disc electrode tests of this Pd/Ni catalyst that shows a significant
negative shift (200 mV) of the onset potential for the HOR current vs. the case of Pd.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Alkaline membrane fuel cell (AMFC) technology has received
significant interest in recent years, because it has the potential of
.

overcoming cost barriers of polymer electrolyte fuel cells [1], as the
basic environment of the anion exchange membranes allows the
use of less expensive electrocatalysts and low-cost metal hardware
[2]. While research on oxygen reduction reaction (ORR) catalysts in
alkaline medium has been ongoing for many years [3,4], studies on
hydrogen oxidation reaction (HOR) catalysts for AMFCs constitute a
practically new field of investigation. In contrast with the very fast
kinetics of the HOR on Pt catalysts in proton exchange membrane
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fuel cells (PEMFCs), resulting in negligible anode losses [5], it has
been argued that the HOR activity of Pt in AMFCs is apparently the
result of an intrinsic HOR kinetic barrier in alkaline media which,
having been found to be significant even for Pt, does not bode well
for the AMFC's hydrogen anode performance in general.

In a study investigating the HOR activity of platinum in both
acidic and alkaline media, Sheng et al. [6] reported that the HOR
kinetics are at least two orders of magnitude slower in alkaline
electrolyte than in acidic electrolyte. Recently, this finding has been
confirmed and quantified by Rheinl€ander et al. [7] who reported
that ultra-low anode loadings of Pt in alkaline medium may result
in a prohibitive potential loss of about 150 mV.

Whereas the overall hydrogen anode reaction in acidic medium
has as product a hydrated proton:

H2 / 2Haq
þ þ 2e� (1)

the product of the overall anode reaction in alkaline medium is
water:

H2 þ 2OH� / 2H2O þ 2e� (2)

With the addition of an OH moiety to an adsorbed Hads atom
required to complete the latter process, it can be understood why
unalloyed Pt could fail to provide the required HOR catalytic ac-
tivity, as the metal has no substantial tendency to form OHads

species from the OHaq
� anion (or from water) at the negative po-

tentials corresponding to satisfactory anode performance. The need
of such chemisorbed OHads species for a fast, bimolecular, oxidative
surface reaction is well documented; for example in the oxidative
removal of COads from Pt, facilitated by adding Ru which serves as
the oxophilic component of a PtRu active binary catalyst. This
bifunctional catalytic effect was argued recently for platinum-
based HOR catalytic bimetallic surfaces [8e10], examined with
rotating disk electrode (RDE), where significantly higher HOR cat-
alytic activity in alkalinemediumwas shown for bimetallic surfaces
vs. platinum alone.

In the search for Pt-free catalyst candidates for HOR in alkaline
media, a first natural target would be a less expensive catalyst
which is still derived from the platinum group metals. With
palladium a possible such candidate, it was found that (unalloyed)
Pd follows the same trend as Pt and Pd/C exhibits 20 times lower
exchange current density than Pt/C in alkaline medium [11]. This
HOR activity of unalloyed palladium is insufficient for reduction to
practice.

A pioneering study investigating non-Pt-group metal (non-
PGM) catalysts for HOR in H2/air AMFCs, was carried out by Lu et al.
[12] In that study, the decoration of Ni nanoparticles with Cr was
reported to generate HOR activity in an AMFC generating an initial
maximum peak power density of ca. 70 mW cm�2, at 60 �C [13].
Other recent reports described nickel-based catalysts in alkaline
media, for example for alkaline electrolyzers (i.e. hydrogen evolu-
tion reaction) [14e17], and for hydrazine anodes [18]. Also in a
recent contribution, Ni was combined with Mo and Co in ternary
alloys of NiMoCo, which were tested for HOR in alkaline conditions
[19]. The latter ternaries were shown to improve strongly the HOR
activity vs. the case of Ni alone, however the high HOR activity
recorded could be sustained only at anode potentials lower than
0.1 V, apparently because of excessive surface oxidation above that
potential. All the above studies of HOR catalysts for AMFCs have left
a remaining need for a demonstration of a low-cost, active and
highly dispersed HOR catalyst, building on the understanding of the
role of enhancing the HOR rates in the AMFC by the use of metal
binaries.

In previous work, Dekel and Gottesfeld reported for the first
time that a mixture of Ni and Pd nanoparticles exhibit a favourable
metalemetal interaction that enhances the AMFC anode HOR
reactivity as compared with an anode using same loading of Pd
alone [20]. In this communication, we report the best performance
yet achieved (as far as we know) in liquid electrolyte-free AMFCs
based on Pt-free electrocatalysts, using a bimetallic Pd/Ni electro-
catalyst. The synthetic approach yields nano-islands of Pd sup-
ported on nanoparticles of Ni, chosen for displaying oxophilicity in
the relevant potential range, good electronic conductivity and low
cost. Based on the present study, we argue that the specific role of
Ni in this bifunctional catalyst is to bond hydroxyl surface species,
which in turn improves the reactivity of the hydrogen atom in-
termediates adsorbed onto the neighbouring Pd surface site to-
wards the formation of the water product molecule.

2. Experimental

Catalyst nanoparticle preparation: doubly deionized water
(18 MU cm, 50 mL) was adjusted to pH~12, pre-heated to 60 �C and
purged with N2 gas for 30 min to remove most of the dissolved
oxygen. Then, Ni(0) nanopowder (QSI, 0.69 mmol) was added
dropwise and after 5 min stirring, Na2PdCl4 (STREM, 0.23 mmol)
was introduced under vigorous magnetic stirring. The reaction was
conducted under inert atmosphere of N2 for 1 h at 60 �C, where-
upon the resulting colloidal dispersion was centrifuged (3500 rpm,
15 min, RT) and subsequently washed three times with doubly
deionized water.

The morphology and elemental compositions of bimetallic NPs
reported in this work were visualized using scanning electron mi-
croscopy (SEM, FEI Magellan equipped with an Energy-Dispersive
X-ray (Oxford 80 mm2) spectroscopy attachment), transmission
electron microscopy (TEM/HR-TEM: FEI Tecnai-12 at 120 kV and
JEOL JEM-2100 (LaB6) at 200 kV for high resolution imaging).
Fourier transform analysis (FFT) of high-resolution images tech-
nique was used for structural analysis. High Resolution Trans-
mission Electron Microscopy (HRTEM) images together with
energy dispersive X-ray spectroscopy (EDS) were obtained by a
JEOL JEM-2100F Field Emission Electron Microscope operated at
200 kV. The crystalline phases and crystallinity of the prepared
powders of final products were examined by XRD using Cu Ka
(0.1541 nm) radiation (Bruker D8).

Fuel Cell Testing: 5 cm2 Catalyst-coated membranes (CCMs) for
AMFCs were prepared by CellEra's standard methods [20,21].
Catalyst inks were prepared by mixing the dispersed catalyst in a
solution of a quaternary ammonium-functionalized poly-
hydrocarbon ionomer, and applied onto an anion exchange mem-
brane, also quaternary ammonium-functionalized, as commonly
described in the literature [2]. Ni and Pd nanopowders in the inks
were used as purchased, and the Pd/Ni nanocomposite catalyst was
synthesized as described above. One CCM version was prepared
using the Pd/Ni catalyst bimetallic nanoparticles (1.5 mg cm�2 total
metal loading, or 0.3 mgPd cm�2) as the catalyst for the anode
electrode, and a silver-based alloy (3.0 mg cm�2) as the catalyst for
the cathode electrode. Another CCM version was prepared using
the same metal loading, 1.5 mg cm�2, but with Pd nanoparticles
only (~5 nm diameter) as the anode electrocatalyst, resulting in an
otherwise identical CCM for comparison. The CCMs were pressed
between polytetrafluoroethylene (PTFE) sheets to 4 tons for 3 min,
and then pre-hydrated and ion-exchanged to hydroxyl form by
soaking for 30 min in NaOH (3 mol L�1 ), followed by exhaustive
rinsing in deionized water, ensuring no NaOH remained in the
system. The CCMs were then combined with gas diffusion layers
(carbon cloth with microporous layer, CeTech, Taiwan) to give
membrane-electrode assemblies (MEAs), assembled into 5 cm2 test
cells (Fuel Cell Technologies, AZ, USA), sealed with perfluoroalkoxy



M. Alesker et al. / Journal of Power Sources 304 (2016) 332e339334
(PFA) copolymer resin gaskets (250 mm thick). The cells were then
activated by operating at 50 mV in humidified, CO2-free air (1.0
standard litres per minute (sLPM), 200 kPa, 100% RH) and dry
hydrogen (0.2 sLPM, 400 kPa, room temperature), while heating the
cell from room temperature to 73 �C. Following temperature and
current density stabilization, polarization curves were measured at
a scanning rate of 100 mV/min, from 0.05 V to open-circuit voltage
(~1.0 V), then to 0.05 V.

The electrochemical measurements were collected in a poly-
propylene cell in a three electrodes configuration, with a polished
0.196 cm2 glassy carbon disk as working electrode, glassy carbon
rod as counter electrode and reversible hydrogen electrode (RHE)
as reference electrode. The catalyst loading on the glassy electrode
was 50 mg cm�2. The alkaline aqueous solution was prepared from
KOH (SigmaeAldrich, 99.998%) and ultrapure water. The glassy
carbon was mounted on a rotating electrode (Pine instruments)
and all the data was collected with a VMP3 potentiostat (Bio-
Logic). Potentials were corrected for ohmic losses, measured by
impedance spectroscopy before each polarization curve. All gases
were used with the highest purity available (99.999%). After a
purge in Ar for 15 min, the voltammogram displayed in the article
was collected at 50 mV s�1 after stabilization for 50 cycles from
0.05 to 1.3 V vs RHE. The polarization curves were recorded after
saturation of the solutions with H2 by sweeping from OCV to 1 V
vs RHE (positive going scan) and back (negative going scan) at
5 mV s�1 and 900 rpm).

3. Results

3.1. Structural characterization

The Pd/Ni nanocomposite was synthesized in an aqueous solu-
tion by reduction of a palladium (II) tetrachloride complex under
alkaline conditions. The reaction is initiated through chemical
reduction of Pd(II) to Pd(0) by the hydroxide and occurs selectively
on the Ni surface. The synthesis is completed after one hour and the
yield of reaction close to 100% based on Pd(II) precursor utilization,
meaning that the reduction of Pd(II) to Pd(0) is complete and
limited only by the concentration of Pd(II). The Pd/Ni stoichiometry
can then be adjusted by the Pd(II) concentration. In a previous
study on Pd covered Ni surfaces, we have shown that a 20% Pd
coverage on Ni is sufficient to reach a diffusion limit for the HOR
process. Based on this result, we have optimized the synthesis of Pd
deposition on Ni nanoparticles to reach such a coverage [22].
Fig. 1. X-Ray Diffractogram (A) and bright-field Transmission
The X-Ray diffraction displays two crystalline phases which can
be attributed to FCC Ni and FCC Pd (Fig. 1A). The diffractogram can
be indexed with the corresponding bulk phases of Ni (JCPDS # 04-
0850; Fm-3m, a ¼ 3.5238 Å) and Pd (JCPDS # 05-0681; Fm-3m,
a ¼ 3.8902 Å). The peaks are broadened due to the small particle
size, especially for palladium with a very broad (111) reflection, Pd
(200) reflexion is masked by the Ni (111). No other phases (oxides,
hydroxides or alloys) are observed by X-Ray diffraction. TEM im-
ages show agglomerated particles with a mean size of 7 ± 3 nm
(Fig. 1B). The absence of surfactant explains the formation of ag-
glomerates and the carbon content of the samples is very low even
without any post-synthetic treatment. The absence of surface
contaminants is particularly important for the catalytic activity and
the conductivity within the catalyst layer in the AMFC.

Each particle is single crystalline without a preferential crys-
tallographic orientation. The HRTEM shows the lattice fringes cor-
responding to the FCC lattice of either Ni or Pd (Fig. 2). The fast
Fourier transform of the selected areas show the homogeneous
distribution of Pd nanocrystals on Ni nanocrystals.

To further confirm the distribution of each metal in the sample,
we report on the Energy Dispersive X-ray Spectroscopy (EDS)
analysis on several points of the sample (Fig. 3A). The particle form
aggregates which all consist of Pd decorated Ni. Inside the aggre-
gate, each nanocrystal (NC) which displays the crystallographic
structure of either Ni (point a) or Pd (point b) shows that element
almost exclusively (see table in Fig. 3). The presence of relatively
high content of oxygen on Ni nanoparticles can be attributed to the
presence of surface oxygen species. Ni NPs display a 1 nm thin NiO
layer after exposure to air [23], as clearly seen on shape-controlled
Ni nanocubes [24]. The high angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) image shows
the presence of Pd nanocrystals (bright) on Ni island (Fig. 3B). A line
scan of the island of NCs demonstrates the nanoscale decoration of
Pd on Ni.

The EDS also brings high resolution 2Dmapping of elemental Ni
and Pd on different islands (Fig. 4A) and the EDS spectrum of
15� 15 nm2 areas confirms the homogeneous weight ratio of 80:20
between Ni and Pd (Fig. 4C). The HAADF-STEM image of the same
area shows the true contrast between the electron densities in Pd
(bright) and Ni (darker) (Fig. 4B). The Pd NCs are nicely dispersed on
the Ni agglomerated NCs.

All the characterizations above point out to the highly crystal-
line nature of both phases and the homogeneous distribution of Pd
NCs on Ni NCs with a thin nickel surface oxide layer. The synthesis
Electron Microscopy (TEM) (B) of Pd/Ni nanocomposite.



Fig. 2. High Resolution Transmission Electron Microscopy (HRTEM) of Pd/Ni catalyst with fast Fourier transform (FFT) of the corresponding highlighted areas.

Fig. 3. High Resolution Transmission Electron Microscopy (HRTEM) of Pd/Ni catalyst with point Energy Dispersive X-ray Spectroscopy (EDS) (A). high angle annular dark field
(HAADF) scanning transmission electron microscopy (STEM) image with line scan EDS mapping of elemental Ni (red) and Pd (green) (B). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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thus achieves intimate contact between the two phases without
noticeable metallic interdiffusion.

3.2. Electrochemical measurements

In the following, we report the performance of the Pd/Ni
nanocomposite as HOR electrocatalyst in a liquid electrolyte-free,
H2/air AMFC and the results of corresponding rotating disc elec-
trode (RDE) tests. CO2 free air is used since ambient levels of CO2
(~400 ppm) can cause significant losses [25], and a filtration system
would be necessary before the air reaches the fuel cell inlet in real-
life applications. Therefore, it is conventional to employ CO2-free air



Fig. 4. Energy Dispersive X-ray Spectroscopy (EDS) mapping of elemental Ni (red) and Pd (green) (A) with corresponding HAADF-STEM image (B) and EDS spectrum of the area
marked with a red square (C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(or even pure O2 [26]). Cell voltage and power density are plotted as
a function of current density for 5 cm2 AMFCs made with MEAs of
different anode catalysts and the same ORR catalyst. All the cells in
AMFC tests are rigorously identical except for the HOR catalyst
which displays the same particle size and same metal loading in
each case. The cell voltage and power density dependence on cur-
rent for cells with the three different anodes are shown in Fig. 5.

The activity of Ni by itself as an HOR electrocatalyst is seen to be
negligible. Some activity is obtained with the Pd-only catalysts,
however it is best described as “limited”. As can be seen in Fig. 5,
the performance of an AMFC based on a Pd/Ni bimetallic HOR
catalysts (blue circles) is much higher than the performance ob-
tained with the Pd-only catalyst when using the same overall metal
loading, i.e. the Pd/Ni catalyst has palladium loading five times
lower than the Pd catalyst. With this bimetallic Pd/Ni catalyst,
short-circuit current density was increased vs. Pd-only by more
than 50%, and the current density at 0.6 V increased from
0.08 A cm�2 to 0.4 A cm�2. The peak power density obtained was
more than double (400 mW cm�2) that obtained with same cells
based on a Pd-only anode catalyst (180 mW cm�2). The enhance-
ment is even more impressive when looking at the Pd mass activ-
ity: the Pd/Ni nanocomposite reaches 1.3 W mg�1

Pd, ten times
higher than that of the Pd-only nanoparticles. The catalytic activity
of this binary is unprecedented for non-Pt catalyst in an operating,
liquid electrolyte-free AMFC.

The performance in the fuel cell anode is indeed the ultimate
test of catalyst quality for a fuel cell application. Nevertheless, this
performance could be influenced by a number of factors beyond the
catalytic activity itself. Therefore, tests of the anode catalysts in
rotating disc electrode (RDE) configuration, more appropriate to
determine the intrinsic catalytic properties, were performed.

The RDE voltammograms and HOR polarization curves were
recorded in 0.1 mol L�1 of KOH (pH ~ 13) for thin catalyst layers
deposited on glassy carbon RDEs at low catalyst loading
(50 mg cm�2) (Fig. 6). Care was taken to ensure the cell was both
platinum- and glass-free to prevent contamination effects. The
currents are presented per geometrical surface area. The Ni nano-
powder does not exhibit any H-UPD, as expected for a surface that
displays a clear preference to oxygen species in the relevant po-
tential range [27]. In the cyclic voltammogram obtained for the Pd-
only RDE, the hydrogen adsorption/desorption process is substan-
tial and exhibits large hysteresis (Fig. 6A). The cyclic voltammogram
of the Pd/Ni nanocomposite shows the Pd oxide reduction peak at
the same potential, consistent with the presence of an oxygen-
covered, metallic Pd phase at this potential. However, the
hydrogen adsorption/desorption range shows almost none of the
hysteresis and cathodic tilt seen in the Pd voltammogram.

The polarization curves under H2 were measured on the RDE in
each case using the same conditions of electrolyte pH and overall
metal loading. Ni nanoparticles do not display any HOR activity
(Fig. 6B) while Pd nanoparticles exhibit HOR activity with a rela-
tively high onset potential of about 0.2 V vs. RHE. The current
maximum observed at higher potential (0.7 V vs. RHE) is typical of
Pd and has been observed in previous work [11]. In contrast to Pt
which chemisorbs surface hydrogen, Pd can also absorb hydrogen
into the metal lattice [27]. A possible signature of the absorbed H is
a maximum in the anodic current at 0.5 V observed for positive
going scans on Pd (Fig. 6D). Such a peak is absent in the current/
voltage plot for the Pd/Ni HOR catalyst. The KouteckyeLevich plot
displays a linear behaviour but does not intercept the origin which
reflects a deviation from a purely diffusion controlled process
(Fig. 6C inset). The further calculation of exchange current density
is very challenging since the specific surface for each metal (Ni and
Pd species) is difficult to determine for such a nanocomposite and
has been achieved only recently for a plain Ni surface covered with
Pd [22]. Even in that case, a better knowledge of the reaction
mechanisms still needs to be undergone to calculate accurate
values of current exchange density and compare them with Pt.



Fig. 5. Cell voltage (A) and power density (B) vs. current density of AMFCs with Pd/Ni
anode catalyst (blue circles), compared with equivalent cells with a Pd-only anode
catalyst (red triangles with the arrows showing the scanning direction) and Ni only
(orange triangles). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Our Pd/Ni catalyst shows HOR activity with an onset potential
near 0.03 V vs. RHE. Such early onset has been observed before only
for Pt based catalysts. The positive shift in HOR onset potential
observed in these RDE measurements, matches the voltage shift
seen at low cell current in the AMFC V-J curves recorded with these
Pd/Ni and Pd-only anode catalysts. This demonstrates that the
better performance of the AMFC is due primarily, if not only, to the
higher HOR activity of the Pd/Ni catalyst.

An MEA prepared with the Pd/Ni catalyst as described above
was tested under constant current demand for 170 h (about one
week) to collect some preliminary indication regarding the stability
of this Pd/Ni catalyst. The voltageetime profile does not show rapid
fading as would be expected in case of excessive surface oxidation
of a nickel based catalyst.
4. Discussion

The results obtained for Ni, Pd and Pd/Ni catalysts from micro-
scopic and electrochemical characterization can be summarized as
follows: i) No evidence of alloying has been noticed from all the
HRTEM study and only Ni and Pd nanophases are observed, ii) the
AMFC and RDE experiments show no HOR activity on Ni and
limited performances for Pd, (iii) the Pd/Ni catalyst prepared as
described provides HOR performance in the AMFC close to that
seen with Pt based anode catalysts [28].

The low intrinsic HOR catalytic activities of Pd (or Pt) and the
key for higher activity in alkaline environment are still in need of
clarification and agreement. With the likely role of the hydrogen
atom desorption (reaction 2) as the rate determining step, the
apparent beneficial effect of an added oxophilic metal in facilitating
this process has been interpreted as “bifunctional” activity. The
generic scheme of such an oxidative electro-desorption process
taking place at a bifunctional catalyst surface is as follows:

H2 þ M1 / 2 M1-Hads (3a)

OH-
aq þ M2 / M2-OHads þ e� (3b)

M1-Hads þ M2-OHads / H2O þ M1 þ M2 (3c)

Where M1 is a surface site with high affinity to adsorbed H
atoms and M2 is an “oxophilic” surface site that bonds OH groups
reversibly. The value of such chemisorbed OH species in facilitating
electro-oxidative desorption has been demonstrated for the
electro-oxidative removal of COads from a Pt site (M1 state), assisted
by a surface oxygen species formed on an adjacent Ru site (M2
state). The mechanism of this surface bimolecular process has been
examined with combined theoretical and experimental tools,
concluding that rapid surface diffusion of COads on Pt atom islands
is an apparently important rate-enhancing feature [29]. Significant
surface diffusion rate is also likely for Hads species on Pd (and Pt),
considering the low activation energy for H diffusion along metallic
surfaces [30]. From the expected role of surface diffusion in the
bifunctional surface reaction mechanism, it should become clear
why alloying is not a prerequisite to achieve effective bifunctional
activity (as also shown for Ni hydroxide islands deposited on Pt) [9].
That is to say, the lack of significant atomic-scale mixing of Pd and
Ni atoms (alloying) needs not confined activity to island boundary
populations, since proximal Hads and OHads species can be main-
tained by such surface diffusion towards these boundaries.

As mentioned above, examples have been given for the benefi-
cial effects of alloying to HOR rate enhancement in alkaline media,
providing different explanations, one based on electronic effects
modifying the hydrogen binding energy (HBE) and the other on
added oxophilic function. Referring now to the possibility that the
effect of a second component in such HOR binary metal catalysts is
only electronic, resulting in weakening of the MeH bond at the
surface of a first component: this argument was made in the
context of Ru added to Pt [26] and of Mo and Co added to Ni [19] to
generate a binary, or ternary, alloy. When it comes to the case
presented here, careful analysis of our Pd/Ni catalyst by electron
microscopy shows evidence for the presence of Pd and Ni metal
phases, each with a crystallite size of 7 nm, and no evidence for
PdeNi alloying. Therefore, these Pd-decorated Ni islands are by
nature different from alloyed systems previously studied for HOR
catalysis, where the mixing of M1 and M2 atoms is homogenous on
an atomic scale, rather than on a 10 nm scale. It does not seem likely
that, in such a system, Ni will have a significant electronic effect on
the bonding of Hads atoms at Pd (M1) sites, many atomic layers
away. This Pd/Ni, non-alloyed catalyst resembles the CeO2-sup-
ported palladium (Pd/CeO2/C) catalyst, which has attracted interest
for anodic oxidation of ethanol: in both cases the palladium is
deposited onto an O-, or OH-donating component of a binary
catalyst [31].

Fig. 7 shows a schematic of the proposed bifunctional activity of



Fig. 6. Cyclic Voltammograms at 298 K recorded in an Ar-saturated 0.1 M KOH solution at 50 mV�1 (metal loading: 50 mg cm�2) (A); Ohmic loss corrected polarization curves in a
H2-saturated atmosphere at 5 mV s�1 in 0.1 M KOH (metal loading: 50 mg cm�2): cathodic scans at 900 rpm for Ni, Pd and Pd/Ni (B); Cathodic scans at different rotation speeds for
Pd/Ni sample with KouteckyeLevich plot in inset (C); Cathodic and anodic scans for the Pd/Ni and Pd samples at 900 rpm (D).
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the Pd/Ni nanocomposite. The Ni* nanoparticles (represented by
red spheres) act as support for the smaller Pd* nanoparticles
(represented by green spheres). The reason for the asterisks next to
the metal symbols is discussed below. As proposed by the figure,
the Ni nanoparticles provide surface bonding for adsorbed hydroxyl
species (OHads) at the Ni/electrolyte interface, enabled by the oxo-
philic nature of the Ni surface under the given conditions of pH and
anode potential [32], while the Pd crystallite surfaces are active in
the dissociative chemisorption of hydrogen and bonding of the
surface hydrogen species (Hads). Without the OHads surface species,
Fig. 7. Schematic of the anode catalyst layer structure (left), and a zoom-in to show the
bifunctional catalytic effect of the Pd/Ni bimetallic surface (right) (asterisks added next
to the metal atom symbols are discussed below).
provided by the Ni nanoparticles, the hydrogen atoms adsorbed on
Pd cannot be oxidized at high ratewhen in contact with the alkaline
electrolyte, lowering in turn the overall activity at the Pd-only HOR
catalyst (Fig. 5).

An open question remains regarding the underlying reasonwhy
the rate of Hads removal is so much slower in alkaline vs. acidic
media. One possibility is the significant negative charge on the Pt
(and likely also on Pd) surface in alkaline media under potentials
corresponding to hydrogen UPD [33]. Such a negative surface
charge may impede access of the OH-

aq ions required to complete
process (2) [28]. The alternative route via provision of the OHads
moiety to complete the anode process, i.e. deposition of OHads on a
separate, adjacent, oxophilic metal site e process (3b), to be fol-
lowed by (3c) e could therefore overcome a kinetic barrier asso-
ciated with negatively-charged Pt (and likely Pd) surfaces.

Finally, the low likelihood of “electronic” effects does not imply
that the surface site composition and energetics at such binary
catalyst in contact with alkaline electrolyte is identical to that on an
isolated Pd and/or isolated Ni surface. As proposed for the syner-
gistic effect of Pd/Ni on the electrooxidation of hydrazine, the for-
mation of hydride on Pd could lead to the formation of Ni reduced
species which catalyse also the electroxidation [34]. Under some
relevant anode potential, a nano-island of Pd in contact with Ni,
could exhibit modified surface composition/reactivity vs. the case
of a Pd-only catalyst, as hinted by the cyclic voltammograms in
Fig. 6. The “cathodic tilt” of the voltammogram is significantly less
pronounced for Pd/Ni vs. the case of Pd, suggesting a reduced de-
gree of hydrogen absorption into Pd NPs when in contact with Ni
NPs. This Pd catalyst site modification could be the direct result of
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the surface reaction of Hads formed at a Pd sitewith OHads formed at
an adjacent Ni site i.e., the same reaction that sustains the bifunc-
tional activity of this catalyst in the overall HOR process (step 3c).
This same surface process apparently also affects the steady state
composition of the nickel surface site on Pd/Ni, lowering the
coverage by oxygen species at some given potential and enabling
regeneration of “active OHads” [35]. This corrective role played by
Hads on Pd is likely the reason for the good performance of the Pd/Ni
HOR catalyst at potentials higher than 0.1 V, in contrast with other
Ni alloys tested as HOR catalysts [18]. Thus, assigning an unalloyed
catalyst as “bifunctional”, does not rule outmodification of one type
surface site by an adjacent site in the binary catalyst, driven by the
same bimolecular surface chemistry which promotes the overall
catalytic activity. In Fig. 7, we added an asterisk next to the Ni and
Pd site designations, to reflect the understanding that these binary
catalyst surface sites may have surface composition and properties
somewhat modified vs. the case of the pure metals.

5. Conclusions

We have synthesized a highly active, Pd/Ni hydrogen oxidation
reaction (HOR) electrocatalyst for membrane electrode assemblies
(MEAs) of alkaline membrane fuel cells (AMFCs). Our results show
that, the contact between Pd and Ni nano-islands significantly
enhances the activity of the Pd catalyst as evidenced by negative
shift of around 200 mV in the HOR onset potential compared to the
case of a Pd-only catalyst.

Tests of AMFCs based on this Pd/Ni HOR catalyst showed a
maximum peak power of 400 mW cm2, more than twice that ob-
tained with a Pd-only catalyst. This stands as the one of the highest
AMFC performance reported to date for a liquid electrolyte-free, Pt-
free AMFC. The high activity of this Pd/Ni nanocomposite has been
related to the presence of OHads species on the surface of the
oxophilic Ni component, that provide an alternative, faster route for
an HOR process otherwise requiring OH-

aq anions to react with
Hads.
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