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a b s t r a c t

To improve the performance of direct ethanol fuel cells (DEFCs), a three-dimensional (3D), hierarchically
structured Pd electrode has been successfully fabricated by directly electrodepositing Pd nanoparticles
on the nickel foam (referred as Pd/Nickel foam electrode hereinafter). The electrochemical properties of
the as-prepared electrode for ethanol oxidation have been investigated by cyclic voltammetry (CV). The
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results show that the oxidation peak current density of the Pd/Nickel foam electrode is 107.7 mA cm ,
above 8 times than that of Pd film electrode at the same Pd loading (0.11 mg cm−2), and a 90 mV negative
shift of the onset potential is found on the Pd/Nickel foam electrode compared with the Pd film electrode.
Furthermore, the peak current density of the 500th cycle remains 98.1% of the maximum value for the
Pd/Nickel foam electrode after a 500-cycle test, whereas it is only 14.2% for the Pd film. The improved elec-
trocatalytic activity and excellent stability of the Pd/Nickel foam electrode make it a favorable platform

l app
for direct ethanol fuel cel

. Introduction

Recently, DEFCs have aroused much attention due to the advan-
ages of ethanol over other fuels, such as high energy density, easy
torage, low toxicity and renewable character [1–5]. However, the
ow reaction kinetics of ethanol oxidation and the high fabrication
ost limit the advancement of future energy technologies [6–8]. The
lectrocatalyst is a key factor in improving the velocities of ethanol
xidation and lowering the cost. Previous research results show
hat the performance of the ethanol oxidation could be significantly
mproved in alkaline media by using Pd as electrocatalyst [9–11].
ompared with Pt, Pd is a relatively abundant and less expensive
esource [7,12]. Nevertheless, Pd is also a noble metal, so it is really
ecessary to increase the catalytic activities and reduce the loading
f Pd electrocatalyst for commercial applications of DEFCs.

To achieve this goal, much research aimed at synthesizing dif-
erent nanostructured Pd electrocatalysts and supporting them on

arious carbon materials [9,13–16]. Generally, the catalyst layer
s prepared by painting or printing the suspension of catalyst and
roton conducting ionomer (usually Nafion-H) onto the Nafion
embrane and/or carbon electrode. However, Such structure pro-
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vides poor mass transfer of reactant and large contact resistance at
the interface between catalyst and electrode without considering
the challenges in homogeneous dispersion of catalyst and reliable
coating techniques [17]. To resolve these issues, a 3D electrode with
opened-pore structure is desirable. The 3D interconnected porous
structure of the electrode can increase the active sites and enhance
the mass transfer of reactants or products, and thereby reduce the
polarization and improve catalyst efficiency [18,19].

Nickel foam, a commercial material with extinguished elec-
tronic conductivity, low weight, and 3D cross-linked grid structure
which allows providing high porosity and surface area, could be
used as an ideal support of electrocatalysts [20]. The nickel foam
would not only reduce the diffusion resistance of electrolyte but
also enhance the facility of ion transportation and maintain the very
smooth electron pathways in the rapid electrochemical reactions.
Recently, nickel foam was investigated as a potential substrate for
the cathode of alkaline fuel cells which showed enhanced perfor-
mance [21]. Sun et al. reported that the nanostructured Ag and
Pd-Ag electrodeposited on the nickel foam exhibited high catalytic
activity and stable electrode performance for the reduction reac-

tion of hydrogen peroxide [18,19]. The electrode provided a high
surface area in the catalyst layer and offered lower mass transport
resistance. In this paper, it is reported for the first time that hierar-
chically structured Pd electrocatalyst was directly electrodeposited
on the nickel foam for ethanol electro-oxidation. The electroactivity

http://www.sciencedirect.com/science/journal/03787753
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ig. 1. FESEM micrographs of (a) an overview of nickel foam; (b) an enlarged view
d) an enlarged view of Pd coating.

owards the ethanol oxidation was evaluated by cyclic voltam-
etry. The results reveal that the 3D Pd/Nickel foam electrode

ossesses superior electrocatalytic activity and long-term stability,
uggesting its potential application in DEFCs.

. Experimental

.1. Preparation of electrodes

Nickel foam (thickness: 1.8 mm, pore density: 110 ppi) was used
s a support for the catalyst. Before the electrodeposition, nickel
oam was rinsed with acetone and hydrochloric acid to clean and
tch the metal surface. The electrodeposition was conducted by a
HI660b model Electrochemical Workstation (Chenhua, China) at
constant potential of −0.3 V with a three-electrode cell, which

onsisted of a saturated calomel electrode (SCE) as reference elec-
rode, a 3.0 cm × 3.0 cm platinum plate as counter electrode and the
reated nickel foam as the working electrode. The electrolyte was
n aqueous solution containing 8.6 mM PdCl2 and 0.49 M H3BO3.
he deposition charge quantity was approximately 0.1454 C. The
d loading was about 0.11 mg cm−2 estimated by Faraday’s law.
or comparison, the Pd film electrode with the same Pd loading was
lectrodeposited on the Ti substrate under the same condition.

.2. Characterization of electrodes

The morphology of the electrodeposited Pd layer was charac-
erized using field emission scanning electron microscope (FESEM,
EOL JSM-S4800). XRD data was collected using a Rigaku D/MAX
400 diffractometer (Japan) with Cu K� radiation (k = 1.5418 Å)
perating at 40.0 kV, 60.0 mA. All electrochemical measurements
ere carried out in a conventional three-electrode cell on a
HI660b electrochemical workstation. The cell consisted of the as-
repared Pd/Nickel foam electrode as the working electrode, a Pt

oil of 3.0 cm × 3.0 cm as the counter electrode, and Hg/HgO/1.0 M
OH (MMO) as reference electrode. Recent studies have demon-
trated that the ethanol oxidation on a Pd electrode in alkaline
edia is significantly affected by the pH of the aqueous ethanol

olution and the optimized KOH concentration is 1.0 M for the
e surface of nickel foam; (c) Pd coating deposited onto the surface of nickel foam;

ethanol oxidation in terms of the peak current and peak poten-
tial [11,22]. Thus, in our study the concentration of KOH in the
electrolyte is 1.0 M. The CV and stability experiments were per-
formed in 1.0 M KOH aqueous solution in the absence or presence
of 1.0 M ethanol at room temperature (23 ± 2 ◦C). The scan rate was
50 mV s−1 in the potential range of −0.8 to 0.2 V versus MMO. Prior
to the experiments, the solution was deaerated with N2 for 30 min.

3. Results and discussion

Fig. 1 shows the surface morphology and microstructure of the
treated nickel foam and the as-prepared Pd/Nickel foam electrode.
It can be seen that the nickel foam has 3D, porous and cross-linked
grid structure (Fig. 1a). A close examination reveals that there are
considerable uniform wrinkles on its surface (Fig. 1b). Fig. 1c dis-
plays the Pd coating deposited onto the surface of nickel foam.
The surface of nickel foam is well covered by Pd particles. Inter-
estingly, the Pd coating takes on hierarchical structure (Fig. 1d).
Dense and uniform Pd nanoparticles with a size of ca. 10–40 nm are
observed in the sublayer, while the superstructured layer is com-
posed of many island-like Pd grains with size range from about 100
to 150 nm.

Fig. 2 shows the X-ray diffraction pattern of the as-prepared
Pd/Nickel foam electrode. The peaks at 40.1◦, 46.6◦, and 68.1◦ can
be assigned to (1 1 1), (2 0 0), and (2 2 0) crystalline plane diffraction
peaks of face-centered cubic Pd metal (JCPDS No. 46-1043), respec-
tively. In addition, nickel substrate shows the main characteristic
peaks of face-centered cubic (JCPDS No. 04-0850) at 2� = 44.5◦,
51.8◦ and 76.4◦, namely, the planes (1 1 1), (2 0 0) and (2 2 0). The
results further confirm that Pd electrocatalyst are successfully elec-
trodeposited on the nickel foam.

The CVs of the Pd/Nickel foam electrode (curves a, Pd load-
ing: 0.11 mg cm−2), the Pd film electrode (curves b, Pd loading:
0.11 mg cm−2) and the nickel foam electrode (curves c) in 1 M KOH

without ethanol solution are presented in Fig. 3. As is well known,
the charge for the underpotential deposition (UPD) of hydrogen is
required to calculate the electrochemical active surface (EAS). The
charge is 210 �C cm−2 for Pt [23], while the charge for Pd cannot be
accurately obtained owing to the interference of hydrogen absorp-
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Fig. 2. XRD pattern of Pd/Nickel foam electrode.

ion in Pd [24,25]. According to the previous literatures [26,27],
he coulombic charge for the reduction of palladium oxide can be
mployed to calculate the EAS of the electrodes. From Fig. 3, it is
bvious that the area of palladium oxide reduction in the poten-
ial range −0.5 V < E < 0 V on the Pd/Nickel foam electrode is much
arger than that of Pd film electrode. This demonstrates that the
d/Nickel foam electrode has higher electrochemical active surface,
ost likely due to the 3D, porous and cross-linked grid structure of

ickel foam, well-dispersion and hierarchical structure of Pd elec-
rocatalyst on the nickel foam, which provide the increased active
ites and the enhanced mass diffusion.

The electrocatalytic activity of the above electrodes towards
thanol oxidation was investigated by CV in 1.0 M C2H5OH + 1.0 M
OH aqueous solution. The typical curves are shown in Fig. 4 (the

nset is enlarged view). It exhibits that no current peak appears for
thanol oxidation on the nickel foam electrode (curve c), indicat-
ng that the nickel foam electrode has no electrocatalytic activity for
thanol oxidation in the potential range. As is seen from curve a and
urve b in Fig. 4, the electro-oxidation of ethanol is characterized by
wo well-defined current peaks in the forward and reverse scans,
ssociated with the oxidation of freshly chemisorbed species com-
ng from ethanol adsorption and removal of carbonaceous species

ot completely oxidized in the forward scan, respectively [26]. In
he forward scan, the oxidation peak current densities are 107.7
nd 13.2 mA cm−2 on the Pd/Nickel foam and Pd film electrode,
espectively. The anodic peak current density of the Pd/Nickel foam

ig. 3. CV curves of the different electrodes in 1 M KOH at a scan rate of 50 mV s−1:
a) Pd/Nickel foam electrode (Pd loading: 0.11 mg cm−2); (b) Pd film electrode (Pd
oading: 0.11 mg cm−2); (c) nickel foam.
Fig. 4. CV curves of the different electrodes in 1 M KOH + 1 M C2H5OH at a scan rate
of 50 mV s−1: (a) Pd/Nickel foam electrode (Pd loading: 0.11 mg cm−2); (b) Pd film
electrode (Pd loading: 0.11 mg cm−2); (c) nickel foam (inset: enlarged view).

electrode is above 8 times than that of Pd film, which is consistent
with the conclusion of EAS test. In addition, compared with some
reported Pd electrocatalysts and the commercial Pt-Ru/C electro-
catalyst with higher catalyst loading, the Pd/Nickel foam electrode
presents much higher peak current density for ethanol oxidation
under the same test condition [8–10,13,14,26,28,29]. From the
inset in Fig. 4, the onset potential for ethanol oxidation on Pd
film is about −0.54 V. By contrast, the onset potential for ethanol
electro-oxidation on Pd/Nickel foam electrode is −0.63 V, which is
90 mV more negative than that of Pd film electrode. This suggests
that the Pd/Nickel foam electrode is able to significantly improve
the kinetics of the ethanol oxidation reaction. The Pd/Nickel foam
electrode shows a remarkably enhanced performance towards
ethanol oxidation in alkaline medium in comparison with the Pd
film electrode in terms of anodic peak current density and onset
potential.

The long-term stability of Pd/Nickel foam electrode and Pd film
electrode are also carried out by CV and the corresponding results
are given in Fig. 5. It is noted that the peak current density of the
Pd/Nickel foam electrode increases with increasing cycle number
within the first 200 cycles due to the fact that the electrolyte needs
a process to fully penetrate into the Pd coating. At the 200th cycle,

the peak current density of the sample reaches an extremely high
value of 107.7 mA cm−2. Subsequently, it decreases gradually with
successive scans and finally remains 98.1% of the maximum value.
While for the Pd film, the peak current density only remains 14.2% of

Fig. 5. Long-term stability of Pd/Nickel foam (a) and Pd film electrode (b) in 1 M
KOH + 1 M C2H5OH at a scan rate of 50 mV s−1.
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ts initial value after a monotone decrease in 500 cycles. The results
emonstrate that the Pd/Nickel foam electrode possesses more
xcellent stability than the Pd film electrode. The loss of catalytic
ctivity can be explained in terms of poisoning mechanism of the
ntermediate species during the ethanol oxidation reaction on the
d electrodes. It also may be due to the structure change of the Pd
anoparticles during repeated potential cycling [30]. However, the
ovel structure of the Pd/Nickel foam electrode not only enhances
he mass transfer of reactants or products but also reduces the
eaction resistance, which probably helps to stabilize the structure
f Pd electrocatalyst and benefits for the removing of poisoning
pecies.

. Conclusions

A 3D hierarchically structured Pd electrode has been success-
ully fabricated by directly electrodepositing Pd nanoparticles on
he nickel foam. The well-dispersion and hierarchical structures of
d nanoparticles on the nickel foam provide a much larger surface
rea for reaction, leading to the effective utilization of the electrode
aterial. The Pd/Nickel foam electrode displays improved electro-

atalytic activity and stability for ethanol oxidation. As a result, the
d/Nickel foam electrode with superb performance, relatively low
ost as well as simple fabrication procedure is a promising candi-
ate for the conventional carbon supported electrode for the wide
pplications in DEFCs.
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