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ree-dimensional nanoporous
Au/Ni foam composite electrodes for H2O2

reduction
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Zhongwei Chen,d Qing Li,c Hui Xuc and Gang Wuce

Nanoporous gold (NPG) films were fabricated on Ni foam substrates via a two-step procedure which

involves electrodeposition of Au–Sn alloy films on the Ni foam surface, followed by selectively leaching

the Sn component through a chemical dealloying process. Pd nanoparticles were then electrochemically

deposited on the NPG/Ni foam electrode. The morphology of the Pd-decorated NPG/Ni foam

composite electrode (Pd@NPG/Ni foam) was characterized by scanning electron microscopy (SEM). The

catalytic activity of the Pd@NPG/Ni foam composite electrode toward H2O2 electroreduction in acid

media was evaluated by means of linear scan voltammetry and chronoamperometry. The Pd@NPG/Ni

foam composite electrode exhibited high activity and excellent stability for the H2O2 electroreduction,

generating a current density of 178 mA cm�2 at 0 V in a 0.5 M H2SO4 + 0.6 M H2O2 electrolyte, in

comparison to 98 mA cm�2 on the Pd@Ni foam electrode and 36 mA cm�2 on the NPG/Ni foam

electrode. The developed three-dimensional (3D) hierarchical porous Pd@NPG/Ni foam can therefore be

considered as a promising type of electrode for fuel cell applications.
1. Introduction

Hydrogen peroxide (H2O2) has been used as an oxidant in direct
liquid fuel cells such as sodium borohydride–H2O2 and hydrazine–
H2O2 fuel cells, which are being developed as unique power
sources for air-free conditions such as those encountered in
underwater and outer space applications.1,2 The replacement of O2

by H2O2 as the oxidant in fuel cells can provide faster reduction
kinetics and higher power density,3 although these performance
parameters are directly governed by the electrocatalytic reduction
rate of H2O2 at the cathode.4 As such, considerable efforts have
been devoted to the development of efficient electrocatalysts for
H2O2 reduction.5–18 These include the use of noble metals (e.g., Pt,5

Pd,6 Au,8,9 Ag10 and their alloys11,12) and noble-metal-free transition
metal oxides (e.g., Co3O4

13,14 and CuO15) as well as the combina-
tions consisting of both constituents.17 Among these, noble metals
exhibit the highest activity and the most reliable performance
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towards H2O2 electroreduction. Generally, noble metal electro-
catalysts are supported on various carbon materials including
carbon black,19 mesoporous carbon,20 carbon nanotubes,21 and
graphene,22 which can supply enough surface area for catalyst
loading and excellent electrical conductivity for charge transfer.
More recently, metal substrates have also been employed to
support these electrocatalysts owing to the improved performance
capabilities that result from improved interactions between the
substrates and the catalysts.23,24 It has been suggested that metal
substrates with large surface areas, high conductivity and excellent
chemical stability can providemuch enhanced catalytic properties.

Meanwhile, highly porous metals and composites have been
studied as electrocatalysts to demonstrate superior perfor-
mances.25–28 Among them, nanoporous gold (NPG) has attracted
signicant research interest owing to its stable bicontinuous
structure consisting of both solid ligaments and empty chan-
nels.29 Unlike many other nanoporous materials, NPG exhibits
excellent conductivity, structural continuity, mechanical and
chemical stability, along with several other unique properties
that make it promising for numerous applications in hetero-
geneous catalysis,30 supercapacitors,31 actuators32 and surface-
enhanced Raman scattering (SERS).33 Furthermore, NPG lms
can be employed as both electrocatalysts and current collectors
for electrochemical reactions owing to their high catalytic
activity coupled with bulk scale electrical conductivity.

In this work, we design and prepare a new type of three-
dimensional (3D) hierarchical porous electrode using NPG/Ni
foam to support well-dispersed Pd nanoparticles through a facile
This journal is © The Royal Society of Chemistry 2014
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three-step procedure. Specically, the NPG lm was rstly fabri-
cated on a Ni foam substrate by electrodeposition of an Au–Sn
alloy lm, followed by selective leaching of the Sn component
using a chemical dealloying process. Pd nanoparticles were then
deposited on the NPG/Ni foam electrode by a potentiostatic elec-
trodepositionmethod. Taking advantage of its hierarchical porous
structure and large surface area, the NPG/Ni foam can provide
excellent Pd nanoparticle dispersion. The morphology of the Pd-
decorated NPG/Ni foam (Pd@NPG/Ni foam) composite electrode
was determined. This unique structure is then investigated as a
standalone electrode for electrocatalytic activity towards H2O2

electroreduction in acid media and was found to provide excellent
performance towards H2O2 electroreduction in acid media.
2. Experimental
2.1. Preparation of Pd@NPG/Ni foam electrode

The preparation of the Pd@NPG/Ni foam composite electrode
involves a three-step procedure. Firstly, an Au–Sn alloy lm was
synthesized on Ni foam by an electrodeposition process.34

Typically, Ni foam (10 mm � 60 mm) with a thickness of 1 mm
(Changsha Lyrun Material Co., Ltd., China) was pretreated with
5 MHCl solution, absolute ethanol, and deionized water step by
step for 30 min for each treatment in order to clean and activate
the surface. Then the Au–Sn alloy deposition was conducted in a
two-electrode electrochemical cell. The Ni foam was used as the
cathode and platinum foil was used as the anode. The Au–Sn
alloy lm was electrodeposited from a plating solution (Huiz-
hou Leadao Electronic Materials Co., Ltd., China, webpage:
http://www.leadao.cn) by applying a constant current density of
0.5 A dm�2 for 300 s. Aer the deposition, the electrode was
removed from the solution, rinsed with deionized water thor-
oughly and dried in air. Secondly, the NPG lms on the Ni foam
were produced by chemical dealloying of the Au–Sn alloy that
was already deposited onto Ni foam. Specically, the Au–Sn
alloy deposited Ni foamwas immersed into an aqueous solution
of 5 M NaOH + 1 M H2O2 for 3 days under spontaneous corro-
sion conditions. Aer the dealloying process, the electrode was
removed from the solution, rinsed with deionized water thor-
oughly and dried in air. Finally, Pd nanoparticles were electro-
deposited on the NPG/Ni foam electrode from an aqueous
solution containing 1 mM K4PdCl6 (Sigma-Aldrich) and 0.1 M
HCl by a potentiostatic electrodeposition method. The Pd
electrodeposition experiments were performed in a standard
three-electrode electrochemical cell. The NPG/Ni foam elec-
trode was used as the working electrode, platinum foil as the
counter electrode and a saturated calomel electrode (SCE) as the
reference electrode. All potentials reported in this work were
referenced to the SCE reference electrode. The Pd electrodepo-
sition was conducted by applying a constant potential at �0.6 V
for 300 s. Then, the electrode was removed from the solution,
rinsed with deionized water thoroughly and dried in air.
Fig. 1 Scheme of the preparation procedure of a Pd@NPG/Ni foam
composite electrode.
2.2. Physical characterization of Pd@NPG/Ni foam electrode

The morphology of the composite electrode was characterized
using a scanning electron microscope (SEM, JEOL, JSM-6700F,
This journal is © The Royal Society of Chemistry 2014
15 KeV). The content of Au and Pd in the Pd@NPG/Ni foam
composite electrode was determined using an inductively
coupled plasma atomic emission spectrometer (ICP-AES, ICAP
6500 Duo, Thermo Scientic). Au and Pd contents on the
Pd@NPG/Ni foam composite electrode were found to be
2.93 mg cm�2 and 0.35 mg cm�2, respectively.

2.3. Electrochemical measurements

Cyclic voltammetry (CV), linear scan voltammetry (LSV), chro-
noamperometry (CA), and electrochemical impedance spec-
troscopy (EIS) were performed in a conventional three-electrode
electrochemical cell using a potentiostat (Gamry REF 600 Elec-
trochemical Workstation). NPG/Ni foam or Pd@NPG/Ni foam
composite electrodes (1 cm2 geometrical area) were used as the
working electrodes. Platinum foil and an SCE were employed as
the counter and reference electrodes, respectively. All electro-
chemical measurements were conducted at room temperature.
The electrolyte was 0.5 M H2SO4 solution. All solutions were
prepared with analytical grade chemical reagents and double-
distilled water (18 MU cm). EIS measurements were performed
by applying an AC voltage with 5 mV amplitude in a frequency
range from 100 kHz to 0.01 Hz.

3. Results and discussion

The design and facile preparation of the Pd@NPG/Ni foam
composite electrode are schematically illustrated in Fig. 1. At
rst, Au–Sn alloy lms were electrodeposited onto the 3D Ni
foam surface. Secondly, the as-prepared Au–Sn alloy lm was
subjected to a chemically dealloying process to remove Sn in
order to prepare NPG layers on the Ni foam substrate. Thirdly,
the NPG/Ni foam was used as a substrate for subsequent growth
of Pd nanoparticles through an electrodeposition approach. As
compared in Fig. 2, we have systematically studied the
morphology changes during the electrode preparation step by
step. Specically, Fig. 2A and B show the SEM images of the Ni
foam used in this work, indicating a 3D porous and cross-linked
skeleton structure with a smooth surface. Fig. 2C and D display
the SEM images of electrodeposited Au–Sn alloy lms onto the
Ni foam. It can be seen that the Ni foam surface is fully covered
with Au–Sn alloy grains with a size range of 50–300 nm.
Subsequently, the images for chemically dealloyed NPG lms
J. Mater. Chem. A, 2014, 2, 16474–16479 | 16475
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Fig. 2 SEM images of (A and B) the as-obtained Ni foam at different
magnifications, (C and D) the Au–Sn alloy films deposited on the Ni
foam surface at different magnifications, (E and F) the NPG films
resulted from dealloying of Au–Sn films, and (G and H) the Pd nano-
particles well dispersed on the NPG/Ni foam composite electrodes at
different magnifications.
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on Ni foam are shown in Fig. 2E and F, presenting a sponge-like
lmmorphology. Especially, the high-magnication SEM image
(Fig. 2F) reveals that the NPG lm consists of bicontinuous
nanostructures with interconnected ligaments and nanopores.
The ligament size is about 50–100 nm and the pore size is about
30–90 nm. Such 3D micro/nanopore integrated electrode
structures are able to be benecial for enhancing electro-
chemical reaction rates, due to short mass transfer lengths
allowing liquid and gas species reacting at the electrode/elec-
trolyte interface efficiently. Moreover, the framework can
accommodate high catalyst loadings due to its large surface
area resulting from the hierarchical porous structure. More
importantly, the coated NPG lm could provide a robust
protection layer on the Ni foam that is traditionally unstable in
acidic solutions. Furthermore, the Pd nanoparticles were
deposited using a simple and reproducible electrodeposition
route. Fig. 2G and H display SEM images for the Pd deposited
NPG/Ni foam electrode. Numerous Pd nanoparticles are densely
and uniformly packed on the NPG skeleton and the nanoporous
structure was retained aer the Pd electrodeposition. The cor-
responding energy dispersive X-ray spectroscopy (EDX) and
16476 | J. Mater. Chem. A, 2014, 2, 16474–16479
elemental mapping results for the Pd@NPG/Ni foam composite
electrode are shown in Fig. 3. The EDX result (Fig. 3A)
conrmed the existence of Ni, Au and Pd. Meanwhile, the EDX
elemental mapping (Fig. 3B–D) further demonstrated the
uniform distribution of Pd nanoparticles on the NPG/Ni foam
skeleton.

Fig. 4 shows the CVs of NPG/Ni foam and Pd@NPG/Ni foam
electrodes in 0.5 M H2SO4 solution at a scan rate of 50 mV s�1. A
strong anodic peak at 1.2 V and a cathodic peak at 0.9 V appear
for both electrodes due to typical responses of polycrystalline
gold electrodes in acid solutions.35 The oxidation and reduction
peaks can be attributed to the formation and reduction of a
surface gold oxide on the NPG materials, respectively, which is
consistent with a previous report.36 Aer deposition of Pd, the
CV prole of the Pd@NPG/Ni foam electrode displays the
hydrogen adsorption/desorption peaks and surface oxide
formation/reduction peaks. These peaks represent the typical
response of the polycrystalline Pd electrode in acid solution,37

demonstrating that Pd was successfully deposited on the
NPG/Ni foam electrode.

Fig. 5 shows a comparison for NPG/Ni foam, Pd@Ni foam,
and Pd@NPG/Ni foam electrodes in terms of their catalytic
activity toward the H2O2 electroreduction. Compared to NPG/Ni
foam, Pd@Ni foam and Pd@NPG/Ni foam electrodes exhibit
enhanced catalytic activity. The onset reduction potentials on
the Pd@Ni foam and the Pd@NPG/Ni foam electrodes are
around 0.5 V, approximately 0.2 V higher than that on the
NPG/Ni foam electrode. At 0 V, a high reduction current density
of 178 mA cm�2 was achieved on the Pd@NPG/Ni foam
electrode in comparison to 98 mA cm�2 on the Pd@Ni foam
electrode and 36 mA cm�2 on the NPG/Ni foam electrode. These
results indicate that Pd decoration of the NPG/Ni foam elec-
trode effectively improves its catalytic activity toward the H2O2

electroreduction in acid media. As the bare Ni foam electrode is
rapidly dissolved into the acidic electrolyte during the polari-
zation test, deposition of NPG onto Ni foam can signicantly
enhance the stability of Ni foam in the acidic environment
during the electrochemical measurements, due to the superior
electrochemical stability of Au. Therefore, the NPG lms on Ni
foam not only provide catalytic sites for the H2O2 reduction, but
also prevent Ni foam substrates from oxidative corrosion.
Importantly, the formation of NPG layers onto the Ni foam
substrates leads to higher surface areas, thereby increasing the
number of active sites for the H2O2 electroreduction.

Fig. 6 shows the effect of H2O2 concentration on the H2O2

electroreduction activity of the Pd@NPG/Ni foam composite
electrode. The measured current densities increase signicantly
with an increase of H2O2 concentration from 0.2 to 0.8 M, while
the further increase of H2O2 concentration to 1.0 M only leads to
a slight increase of current density. It should be noted that the
chemical decomposition of H2O2 became more signicant with
increasing H2O2 concentration, which would limit the reduc-
tion current density.

Fig. 7A shows the chronoamperometric curves for the H2O2

electroreduction on the Pd@NPG/Ni foam composite electrode
measured in 0.5 M H2SO4 + 0.6 M H2O2. The current density
measured at 0.4 V is very stable, indicating that the Pd@NPG/Ni
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (A) EDX and elemental mapping of (B) Ni, (C) Au and (D) Pd of the Pd@NPG/Ni foam composite electrode.

Fig. 4 Cyclic voltammograms of the NPG/Ni foam electrode and the
Pd@NPG/Ni foam electrode in 0.5 M H2SO4 solution at a scan rate of
50 mV s�1.

Fig. 5 Polarization plots for H2O2 electroreduction at the NPG/Ni
foam electrode, the Pd@Ni foam electrode and the Pd@NPG/Ni foam
electrode in 0.5 M H2SO4 + 0.6 M H2O2 at a scan rate of 5 mV s�1.
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foam electrode exhibits excellent stability for the H2O2 electro-
reduction in acidmedia. However, the gradually decreased current
densities were observed at 0.3 V and 0.2 V, which may be ascribed
to the decrease of H2O2 concentration at the electrode surface
resulting from the fast reduction rate at more negative potentials.
Additionally, in order to further evaluate the stability of Pd@NPG/
Ni foam, accelerated degradation tests through potential cycling
between 0.75 V and �0.2 V were conducted on the Pd@NPG/Ni
foam electrode in 0.5 M H2SO4 + 0.6 M H2O2. As shown in Fig. 7B,
the Pd@NPG/Ni foam electrode demonstrated excellent stability
with negligible loss in current density aer 4000 cycles.
This journal is © The Royal Society of Chemistry 2014
Fig. 8 displays the EIS results of the NPG/Ni foam and
Pd@NPG/Ni foam electrodes measured in 0.5 M H2SO4 + 0.6 M
H2O2. The measured spectra display a semicircle spanning the
high and low frequency regions for both the NPG/Ni foam and
the Pd@NPG/Ni foam electrodes. However, the diameter of the
semicircle for the Pd@NPG/Ni foam electrode was much
smaller than that of the NPG/Ni foam, demonstrating that the
charge transfer rate on the Pd@NPG/Ni foam electrode is much
faster than that on the NPG/Ni foam. The experimental data are
further simulated using an equivalent circuit that is composed
of a constant phase element (CPE)/resistive element and a
J. Mater. Chem. A, 2014, 2, 16474–16479 | 16477
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Fig. 6 Polarization plots for H2O2 electroreduction at the Pd@NPG/Ni
foam composite electrode in 0.5 M H2SO4 as a function of addition of
different concentrations of H2O2 at a scan rate of 5 mV s�1.

Fig. 7 (A) Chronoamperometric curves for H2O2 electroreduction on
the Pd@NPG/Ni foam composite electrode at different potentials in
0.5 M H2SO4 + 0.6 M H2O2. (B) Polarization plots for the Pd@NPG/Ni
foam composite electrode in 0.5 M H2SO4 + 0.6 M H2O2 at a scan rate
of 5 mV s�1 before and after 4000 cycles at a scan rate of 100 mV s�1

between 0.75 V and �0.2 V.

Fig. 8 Electrochemical impedance spectra (EIS) of the NPG/Ni foam
and the Pd@NPG/Ni foam electrodemeasured in 0.5 M H2SO4 + 0.6 M
H2O2. Scattered symbols: experimental data. Solid lines: simulated
results. The inset at the below is the zoom-in of the EIS spectra of the
Pd@NPG/Ni foam electrode. The inset at the top left is the equivalent
circuit employed to simulate the experimental results.

16478 | J. Mater. Chem. A, 2014, 2, 16474–16479
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resistance in series (Fig. 8, top le inset). The simulation results
(solid line) tted well with the experimental results (symbols).
R is the ohmic resistance resulting from the electrode and the
electrolyte. R1 is the charge transfer resistance of the H2O2

electroreduction. Q is the corresponding constant phase angle
element. According to the simulation, the values of R are 2.1 and
1.8 U cm2 for the NPG/Ni foam and the Pd@NPG/Ni foam
electrodes, respectively. The value of R1 for the Pd@NPG/Ni
foam electrode (16.3 U cm2) is much smaller than that for the
NPG/Ni foam electrode (502 U cm2), suggesting that the charge
transfer during the H2O2 electroreduction over Pd@NPG/Ni
foam electrode is much faster than that of NPG/Ni foam, which
is in good agreement with the results depicted in Fig. 5.
4. Conclusions

In this work, Ni foam deposited with a nanoporous gold lm
was employed as a conductive solid 3D porous support to load
Pd nanoparticles via a facile electrodeposition approach, which
was developed as an efficient catalyst for electrocatalytic H2O2

reduction. The NPG lm deposited on Ni foams is able to
provide robust protection and efficiently increase its stability in
acid media. The Pd decoration plays an important role in
signicantly enhancing the catalytic activity of the NPG/Ni foam
electrode toward the H2O2 electroreduction. The Pd@NPG/Ni
foam composite electrode exhibited the highest current density
of 178 mA cm�2 at 0 V in 0.5 M H2SO4 + 0.6 M H2O2 electrolytes,
compared to NPG/Ni foam and Pd/Ni foam electrodes.
Furthermore, the Pd@NPG/Ni foam electrode demonstrated an
excellent stability for the H2O2 electroreduction in acid media.
The high electrochemical performance is attributed to the 3D
hierarchical porous structure and well-dispersed Pd nano-
particles onto NPG/Ni foam, thereby resulting in efficient mass
and charge transfer during the H2O2 electroreduction. The
This journal is © The Royal Society of Chemistry 2014
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newly developed Pd@NPG/Ni foam composite electrode
through a facile fabrication protocol holds great promise for the
applications in borohydride–H2O2 and hydrazine–H2O2 fuel cell
technologies.
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