
Catalysis
Science &
Technology

PAPER

Cite this: Catal. Sci. Technol., 2021,

11, 1337

Received 15th September 2020,
Accepted 16th December 2020

DOI: 10.1039/d0cy01815e

rsc.li/catalysis
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γ-NiOOH 2 nm cubes hydrogen oxidation catalyst
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A fundamental understanding of the hydrogen oxidation reaction (HOR) mechanism requires the synthesis of

model catalysts with designed surfaces, and advanced characterization techniques of the active sites. Al-

though HOR are fast under acidic conditions, HOR kinetics are sluggish under alkaline conditions, even on

platinum group metals (PGMs). Herein, we propose the use of an effective high-surface-area carbon

supported Pd/γ-NiOOH HOR electrocatalyst, made from organometallic precursors. The enhanced activity,

provided by nickel oxy-hydroxide (γ-NiOOH) 2 nm nanocubes, was confirmed experimentally in an alkaline

exchange membrane fuel cell. Contrary to previous reports, the phase and crystallographic orientation of the

γ-NiOOH nanocubes (<2 nm in size) were fully ascribed through high-resolution transmission electron

microscopy. Operando X-ray absorption spectroscopy revealed a redox behavior of Pd and Ni during the

electrocatalysis. Each phase has an attributed role in the mechanism, i.e., hydrogen binding to the Pd metal

and hydroxide binding to the γ-NiOOH, confirming the theory and experiments observed with bimetallic

structures.

1. Introduction

The development of anion-exchange membrane fuel cells
(AEMFCs) has stressed the need for efficient HOR
electrocatalysts.1–4 In alkaline medium, the HOR activity of
PGM catalysts (Pt, Ir, and Pd) is reduced by almost two orders
of magnitude compared to the activity in acidic medium.5–8

However, multi-metallic systems demonstrate a high electro-
catalytic activity, as shown on alloyed IrPdRu/C, and com-
pared to Ir/C and Pt/C.9 The studies on single crystalline sur-
faces reveal the enhancement in HOR activity when the
surfaces are doped with alkaline or transition metal cations
or clusters, directly deposited on the single crystalline sur-

faces or on the surface of bimetallic alloys.10,11 The studies
are specifically relevant to alkaline medium, where the stabil-
ity of earth-abundant hydroxide species enables the addition
of non-PGM catalysts or their sole use,1,12–15 as reported in a
recent review on HOR in alkaline medium.16 Although the hy-
drogen binding energy of palladium is very close to the plati-
num one,17,18 palladium HOR electrocatalysts have not been
extensively reported because of the high experimental
overpotential of pure Pd catalysts, even though multi-metallic
electrocatalysts containing Pd should show a great improve-
ment. Indeed, the partial coverage of Ni thin films with Pd
has shown that bimetallic Ni–Pd surfaces are much more ac-
tive than pure Pd for HOR in an alkaline solution.19 This ap-
proach has been implemented on a bimetallic electrocatalyst
in an AEMFC, leading to a 5 fold better Pd utilization.20 In
that work, the decoration of commercial nanoscale Ni was
achieved from a rapid reduction of aqueous Pd(II) complexes
with hydrides, and as a result, the nanostructure was poorly
defined. On the other hand, the use of organometallic com-
pounds as metallic precursors has yielded alloys21 or core–
shell structure with high HOR activity,22 these reaction pro-
cesses are typically at low temperature23,24 with short reaction
time.25 In all the previous reports, the structures were bime-
tallic with no evidence for an oxide or hydroxide phase. It is
however well recognized with studies on extended surfaces
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that metal hydroxide species plays an important role in pro-
moting HOR in alkaline medium. In parallel to the Pd/Ni sys-
tem, Pd/CeO2 has also been extensively studied and has
shown the critical role of the palladium–ceria interface on the
HOR activity.26–30

In the present study, we investigate the alkaline HOR of
biphasic Pd/γ-NiOOH supported on carbon. The slow decom-
position of organometallic complex Ni(COD)2 yields 2 nm
γ-NiOOH nanocrystals with a cubic shape on the surface of
nanoscale Pd. This catalyst was tested as an HOR electro-
catalyst in alkaline medium and the operando X-ray absorp-
tion spectroscopy (XAS) was collected on both the Pd and Ni
K edges simultaneously for structural characterization at the
atomic scale during the HOR.

2. Experimental methods
2.1 Synthesis

Materials. Ni(COD)2 (STREM, 98%) was stored in a freeze
of a glovebox at −20 °C and used as received.

C/Pd 20% w/w (Premetek), tetrahydrofuran (Acros, 99.5%).
Synthesis of C/Pd@Ni nanocrystals. Ni(COD)2 (0.85 mmol)

was dissolved in tetrahydrofuran (20 mL) with the subse-
quent addition of C/Pd nanopowder (400 mg) in the inert at-
mosphere of a glovebox. After addition of 50 ppm water in 5
mL tetrahydrofuran, the reaction proceeded overnight under
nitrogen at room temperature under constant stirring. The
products were separated via centrifugation and redissolution
in tetrahydrofuran.

2.2 Structural characterization

HRTEM study was carried out at 200 kV on a JEOL JEM-2100
(LaB6) TEM. Fast Fourier transform (FFT) analysis of HRTEM
images was used for structural analysis. HRTEM images and
EDX measurements were obtained at 200 kV on a JEOL JEM-
2100F TEM. The crystalline phases and crystallinity of the
prepared powders of the final products were determined
using XRD with Cu Kα (0.1541 nm) radiation (Rigaku
SmartLab).

2.3 Electrochemical measurements

Single-compartment PFTE cell was used in order to avoid the
effect of impurities dissolving from glass components. The
cell was equipped with two reference electrodes: (i) a Pt/Pt
which was used in hydrogen saturated solutions (as hydrogen
electrode); (ii) a palladium wire, filled up electrolytically with
hydrogen in a separate cell before the experiments. The latter
was used as a reference in H2-free Ar saturated solutions. All
potentials quoted are on RHE-scale. A glassy carbon rod
served as a counter electrode. Hydrogen of 99.999% purity
was used in the HOR experiments and 99.9995% purity argon
was used as an inert gas. The catalyst loading on the glassy
electrode was 5 μg. The alkaline solution was prepared from
KOH (Sigma-Aldrich, 99.998%) and ultrapure water. The
glassy carbon was mounted on a rotating electrode. Poten-

tials were corrected for ohmic losses, measured by imped-
ance spectroscopy before each polarization curve. After purg-
ing in Ar, the voltammograms were collected at 100 mV s−1

from 0.05 to 1.35 V vs. RHE. Cathodic polarization curves
were recorded after saturation of the solutions with H2 by
sweeping from 0.6 V to 0 V vs. RHE at 20 mV s−1 using differ-
ent rotating speeds (225, 400, 625, 900, 1225 rpm).

2.4 Fuel cell measurements

The as-prepared C/Pd/γ-NiOOH and commercial (Premetek,
Inc.) Pd/C anode catalyst was tested in a 5 cm2 fuel cell (Fuel
Cell Technologies, AZ, USA). Catalyst-coated membranes
(CCMs) for AEMFCs were prepared with low loadings of 0.4
mg cm−2 for the Pd/γ-NiOOH, and loading of 0.5 mg cm−2 for
Pd as the anode catalysts. Cathode catalyst layers were pre-
pared according to the procedure described in ref. 20, with
previously reported Ag-based catalyst (Quantum Sphere Inc.)
at loading 3 mg cm−2.31 Catalyst inks were prepared by
mixing the dispersed catalyst in a solution of a quaternary
ammonium-functionalized ionomer (IEC 2.4 ± 0.2 mmol g−1)
and applied onto an anion exchange membrane (IEC = 2.0 ±
0.2 mmol g−1; s = 43 ± 5 mS cm−1, OH−/80 °C/92% RH; t = 30
± 2 mm; liquid water uptake 90 ± 15% at 20 °C) as reported
previously.31

The AEMFC tests were performed at the cell temperature
of 73 °C, with dry H2 on the anode side, at 0.2 standard liter
per minute (sLPM), room temperature, 4 barabs, and humidi-
fied CO2-free air on the cathode side, at 1 sLPM, 100% RH, 2
barabs. Polarization curves were taken at scan rate 100 mV
min−1, after the fuel cell reached steady current at 50 mV.

2.5 Operando X-ray spectroscopy

The preparation method of the XAS electrodes can be re-
ferred to our previous work.32 The final Pd geometric load-
ings were chosen to give 0.5 transmission spectra edge
heights at the Pd K-edge. The XAS experiments were
conducted at room temperature in a previously described
flow half-cell32 in which continuously H2-purged 0.1 M KOH
was circulated. The voltage cycling limits were 0 to 0.54 VRHE.
The XAS spectra at the Pd and Ni edges were collected in the
transmission and fluorescence modes, respectively, at the
beamline 2-2 at the Stanford Synchrotron Radiation
Lightsource (SSRL), SLAC National Accelerator Laboratory.
Typical experimental procedures were utilized with details
provided in our previous work.33

3. Results and discussion

The standard catalyst is a commercial Pd supported catalyst
(20% wt on C). After dispersion in dry THF, the synthesis pro-
ceeds through the slow decomposition of zerovalent organo-
metallic precursor Ni(COD)2 at room temperature overnight.
Upon addition of 50 ppm of water, the complex undergoes
slow hydrolysis and the yellowish solution turns transparent
after filtration of the catalyst. The resulting nanocrystals have
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been analyzed by TEM (Fig. S1†) and high-resolution TEM
(HR-TEM) (Fig. 1 and S2 and S3†). The pristine catalyst con-
sists of single-crystalline Pd nanoparticles well dispersed on
carbon (Fig. 1A). The Pd crystallizes in the face-centered cu-
bic system (JCPDS # 05-0681; Fm3̄m) and the nanocrystals do
not display a specific crystallographic orientation. After the
reaction, the Pd nanocrystals are covered with cubic shape
nanocrystals with a 2 nm average size (Fig. 1B). The nucle-
ation of the new phase occurs selectively on the surface of Pd
and no nickel content could be found anywhere else (Fig.
S4†). The nanocrystals crystallize in a hexagonal phase corre-
sponding to γ-NiOOH, commonly named as nickel oxy-hy-
droxide. The γ-NiOOH nanocubes follow the orientation of
the underlying Pd nanocrystals in most of the cases (Fig. 1B),
while in a few occurrences, the cube edges have a 45° angle
relative to the Pd surface, which gives them the appearance
of a pyramid (Fig. 1C). Some of the Pd nanoparticles appear
to be fully covered with NiOOH resulting in the observed
core–shell structure in Fig. 1D.

The stoichiometry of oxygen and the Pd/Ni ratio is con-
firmed by EDX analysis (atomic ratio Pd : Ni : O ∼ 1 : 1 : 2). A
careful analysis of the TEM pictures gives a particle size dis-
tribution of 4.0 ± 0.8 nm for the pristine Pd nanocrystals and
4.4 ± 0.9 nm for the Pd/γ-NiOOH nanoparticles (Fig. 2A). The
powder X-ray diffraction (PXRD) reveals the presence of Pd
crystalline phase with lattice constants that are close to FCC

Pd (JCPDS # 05-0681; Fm3̄m, a = 3.8902 Å: blue lines), without
any evidence of γ-NiOOH phase. The absence of γ-NiOOH
phase on the PXRD can be explained by the small particle
size of γ-NiOOH cubes (∼2 nm), even if the atomic ratio be-
tween the two phases is roughly 1 : 1 (Fig. S4†).

The electrocatalytic activity has been tested under alkaline
conditions (0.1 mol L−1 KOH). The glass free electrochemical
cell was used in conjunction with a working rotating glassy
carbon electrode, a glassy carbon counter-electrode and a re-
versible hydrogen electrode (RHE), in order to avoid any Pt
contamination. Cyclic voltammetry (CV) was recorded under
Ar after prolonged deoxygenation and stabilization. The po-
tential was scanned between 0.05 and 1.35 (or 1.5 V). Fig. 3A
shows the cyclic voltammetry with the hydrogen and oxygen
adsorption/desorption at potential typical of Pd. The electro-
chemical surface area (ECSA) was measured from the ca-
thodic peak at 0.65 V/RHE, which is related to the reduction
of oxygen species on Pd. The ECSA decreases from 122
m2 g−1 for pristine Pd to 98 m2 g−1 for Pd/γ-NiOOH, revealing
the coverage of 20% of the Pd surface by γ-NiOOH. The 1 : 1
ratio between Pd and γ-NiOOH surface deduced from the
Ni(II)/Ni(III) redox reaction is consistent with cubic γ-NiOOH
nanocrystals, one facet of the cube sitting on the Pd surface,
while the 5 facets left are exposed to the electrolyte.

The hydrogen oxidation reaction (HOR) activity was
recorded in an H2-saturated solution at T = 298 K. The

Fig. 1 High-resolution transmission electron microscopy (HR-TEM) of the Pd and Pd/γ-NiOOH samples: (A) pristine Pd samples with fast-Fourier
transform (FFT) (inset); (B–D) HRTEM images of Pd/γ-NiOOH with corresponding FFT (insets).
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cathodic polarization curves are shown in Fig. 3B to discard
the hydrogen absorption in Pd. Pristine Pd catalyst shows
very sluggish HOR activity and reaches the half-wave poten-
tial at 0.32 V vs. RHE. On the other hand, Pd/γ-NiOOH dis-
plays a much higher HOR activity with a half-wave potential
at 0.05 V vs. RHE. The exchange current density (i0) was cal-
culated from the Tafel plots extracted from the plot of
Nernstian overpotential (ηd) vs. kinetic current (ik) as shown
in Fig. 3C, and it reaches 0.2 mA cm−2

Pd, a 10-fold increase
compared to the pristine Pd catalyst, 0.02 mA cm−2

Pd. Al-
though part of the Pd active sites towards hydrogen is cov-
ered with γ-NiOOH (20% of the surface) and ECSA is lower,
the mass activity at 0.1 V of the catalyst reaches 300 mA
mg−1Pd, a value 5 times higher than pristine Pd. We interpret
this phenomenon by “bifunctionality” of Pd/γ-NiOOH cata-
lyst, and proximity of hydroxyl (OH) species to adsorbed hy-
drogen sites.20 The hydroxyl species, provided by the
γ-NiOOH nanocubes, promote high rate oxidation of the hy-
drogen atoms adsorbed on Pd surface, and therefore higher
overall activity compared with Pd-only HOR catalyst.

The enhanced activity relative to pristine Pd is also dem-
onstrated in an alkaline membrane fuel cell anode.
Membrane-electrode assemblies (MEAs) were fabricated
according to an already reported method,20 with an anode Pd
loading of 0.5 mg cm−2 for Pd, and 0.4 mg cm−2 for the Pd/γ-
NiOOH anode catalyst. The fuel cell tests were carried out at
73 °C, also following a reported procedure.20

Fuel cell polarization curves (Fig. 4) show that a
membrane-electrode assembly with an anode utilizing
γ-NiOOH-decorated Pd electrocatalyst displays very strong ac-
tivity enhancement versus a neat Pd-based electrocatalyst in
an otherwise identical MEA. The performance in the MEA of
the present catalyst material overcomes the previously

reported Ni/Pd catalyst,20 where Pd was deposited on a com-
mercial nickel nanopowder (also displayed in Fig. 4),
suggesting that the presence of nickel surface hydroxide/oxy-
hydroxide species (rather than a clean Ni surface or local Ni–
Pd alloying) likely also caused the reported activity enhance-
ment versus Pd.

To elucidate the promotional role of γ-NiOOH for the HOR
in alkaline medium, operando X-ray absorption spectra were
collected at both Pd and Ni edges within the HOR potential
region of 0.1–0.54 V in an H2-saturated 0.1 M KOH electro-
lyte. As seen in Fig. 5a, the X-ray absorption near-edge struc-
ture (XANES) spectra of the Pd K-edge remained unchanged
within the potential range of 0.1–0.54 V, and closely resemble
that of the Pd reference foil. These results indicate that the
Pd is in the reduced form of Pd0 during the HOR. This is fur-
ther confirmed by the extended X-ray absorption fine struc-
ture (EXAFS) fitting (Fig. 5b and c), which literally shows a
pure metallic phase with the first shell Pd–Pd bond distance
equal to that of the Pd foil (Table 1). The Pd–Pd coordination
number of 10.3 ± 0.5 matches the particle size of 4.4 ± 0.9
nm as estimated by TEM. It is noted that the Pd–Ni interac-
tion was not observed from the Pd perspective; neither was it
seen from the Ni perspective. The Fourier transform of the
EXAFS spectra collected at the Ni K-edge and the correspond-
ing EXAFS fitting show that the Ni is predominantly in the
form of Ni(II)oxide (Fig. 5e and f). The lack of Pd–Ni interac-
tions from both the Pd and Ni perspectives safely rules out
the hydrogen binding energy model wherein the Ni indirectly
improves the HOR activity of Pd via optimizing the Pd–H
binding energy. Interestingly, the intensity of the XANES
spectra at the Ni K-edge, which arises from the forbidden
transition 1s–3d (but allowed for by the p–d orbital hybridiza-
tion), increases with increasing potential (Fig. 5d), indicating

Fig. 2 (A) Particle size distribution (PSD) and (B) powder X-ray diffraction (PXRD) patterns of the catalysts (Pd and Ni reflections marked by solid
lines).
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Fig. 4 (A) Raw and (B) IR-corrected polarization curves of MEAs with different anode catalysts, Pd/γ-NiOOH (red), Pd (black) and Pd/Ni composite
from ref. 20 (purple).

Fig. 3 (A) Cyclic voltammograms recorded at 298 K in an Ar-saturated 0.1 M KOH solution; (B) ohmic loss corrected cathodic polarization at 298
K in an H2-saturated 0.1 M KOH solution at 1225 rpm; (C) corresponding Tafel plot and (D) Pd/γ-NiOOH at different rotation speeds.
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Fig. 5 The ex situ and in situ XANES spectra at the Pd (a) and Ni (d) edges; the in situ FT-EXAFS spectra at the Pd (b) and Ni (e) edges; and the
EXAFS fitting of the Pd (c) and Ni (f) edges of Pd/γ-NiOOH.

Table 1 Summary of the EXAFS fitting results of Pd/γ-NiOOH at 0.1 VRHE in an H2-saturated 0.1 M KOH electrolytea

Pd edge R (Å) N σ2 × 10−3 (Å2) E0

Pd–Pd 2.738 ± 0.003 10.3 ± 0.5 0.007 ± 0.001 −1.1 ± 0.3
Pd foil 2.737 ± 0.002 12 0.006 ± 0.001 0.4 ± 0.3

Ni edge R (Å) N σ2 × 10−3 (Å2) E0

Ni–O 2.08 ± 0.02 6.3 ± 0.9 0.007 ± 0.003 −1.1 ± 1.5
Ni–Ni 3.08 ± 0.01 6.4 ± 1.9

a Fits were done separately at the Pd and Ni K-edges in R-space, k1,2,3 weighting. 1.38 < R < 3.13 Å and Δk = 3.00–13.61 Å−1 were used for fitting
the Pd K-edge data; 1.1 < R < 3.3 Å and Δk = 2.46–9.65 Å−1 were used for fitting the Ni K-edge data. S0

2 was fixed at 0.797 for Pd edge and 0.75
for Ni edge obtained by fitting the corresponding reference foil.
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the oxidation of Ni. This reversible trend indicates that the
surface Ni oxy-hydroxides are redox active within the HOR ki-
netic potential region. This redox behavior is believed to facil-
itate the generation of adsorbed hydroxyl (OHad),

34 and thus
favors the bifunctional mechanism wherein the OHad hosted
by Ni oxides facilitates the oxidative removal of Had on the
adjacent Pd site, thereby promoting the HOR.35,36 On the
other hand, the enhancement observed with the additional
NiOOH phase on Pd is also in agreement with the enhance-
ment observed on Pt/Ni(OH)2 surfaces, where Ni(OH)2 clus-
ters promote the hydrogen evolution rate by lowering the
interfacial water reorganization in alkaline medium.37

4. Conclusions

In summary, we have reported on the organometallic synthe-
sis of high-surface-area carbon supported Pd/γ-NiOOH HOR
electrocatalyst. The 2 nm cubic nanocrystals of nickel oxy-
hydroxide (γ-NiOOH) grow selectively on the Pd surface with
a 20% coverage, which leads to an optimal electrochemical
surface area ratio of 1 : 1 between the two phases. The 10-fold
increase in exchange current density and a 5-fold increase in
mass activity is attributed to the formation of this novel oxo-
philic phase. Operando X-ray absorption spectroscopy on a
catalyst layer reveals the redox activity of Pd and Ni active
surface sites during the electrocatalysis. Undoubtedly, each
phase has a given role in the mechanism, hydrogen binding
to the Pd metal and hydroxide binding to the γ-NiOOH,
confirming the theory and experiments observed on Pd/Ni bi-
metallic films and dispersed catalysts.
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