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a b s t r a c t

Carbon-supported gold nanoparticles (Au/C) are successfully decorated with mono- or sub-monolayer
palladium atoms with different Pd/Au atomic ratios by a chemically epitaxial seeded growth method.
TEM, UV–vis spectrometry and XRD techniques are used to characterize the particle size, dispersion,
palladium coverage on gold seeds and crystal structures of the prepared catalysts. Cyclic voltammetric
tests show that the Pd-decorated Au/C (denoted by Pd@Au/C) have higher specific activities than that of
eywords:
lectrocatalyst
alladium
old
thanol
lkaline

Pd/C for the oxidation of ethanol in alkaline media. This suggests that the Pd utilization is improved with
such a surface-alloyed nanostructure. In addition, stable chronoamperometric responses are achieved
with the so-prepared electrocatalysts during ethanol oxidation.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

During the past decade, direct alcohol fuel cells (DAFCs), typ-
cally with either methanol or ethanol as the fuel, have been

idely recognized as very attractive and potential power sources
or portable electronic devices and other mobile applications [1–4].
s the simplest alcohol, methanol has been extensively investi-
ated as the fuel of direct methanol fuel cells (DMFCs) [5]. In
ddition to other technical problems encountered in the develop-
ent of DMFCs, however, the toxicity of methanol may limit the
ide application of this type of fuel cell. By comparison, in terms

f its much lower toxicity, higher energy density (8.01 kWh kg−1),
nd the fact that it can be massively produced from agricultural
roducts and the fermentation of sugar-containing raw materi-
ls (biomass), ethanol is a more suitable fuel for fuel cells in both
ortable and mobile applications.

Up to now, most of the direct ethanol fuel cells (DEFCs) have

een operated under acidic conditions with a proton-exchange
embrane, e.g., Nafion, as the electrolyte. In such a strong acidic
edium, platinum or platinum-based electrocatalysts are usually

equired. As platinum is expensive and rare, the cost of fuel cells

∗ Corresponding author. Tel.: +852 2358 8647.
E-mail address: metzhao@ust.hk (T.S. Zhao).
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ith this type of electrocatalyst is high. In addition, the sluggish
inetics of the ethanol oxidation reaction (EOR) is another prob-
em that limits the widespread commercialization of DEFCs with
cid electrolyte membranes. By contrast, in the fuel cells with alka-
ine electrolyte membranes, both the EOR and the oxygen reduction
eaction (ORR) are relatively easier, making it possible to use non-
latinum catalysts in DEFCs. As a result, the cost of alkaline DEFCs
an be reduced [6,7].

Traditional alkaline fuel cells (AFCs) use an aqueous potas-
ium hydroxide (KOH) solution as the electrolyte to conduct anions
OH−) produced at the cathode. Such an operating scheme always
uffers from a major operating constraint caused by carbon dioxide
ontamination because this gas reacts with OH− to form a carbon-
te precipitate. This phenomenon, which is termed ‘carbonation’,
eads to potential blockage of the electrolyte pathways and/or elec-
rode pores [7]. As such, alcoholic fuels are rarely utilized as the fuel
or AFCs that use aqueous KOH solution as the electrolyte, instead
ighly purified hydrogen and oxygen are employed. To alleviate the
ontamination of CO2, several strategies have been proposed, for
xample, circulating electrolyte, scrubbing CO2 using soda lime, and

he use of solid-state electrolytes (anion-exchange membranes)
8,9]. In particular, development of the anion-exchange membrane

akes it possible to use alcohols as the fuel for AFCs. Consequently,
ome alkaline DAFC systems with anion-exchange membranes have
ecently been demonstrated [10–15].

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:metzhao@ust.hk
dx.doi.org/10.1016/j.jpowsour.2008.10.089
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Au hydrosol exhibits a strong absorption peak at around 510 nm
due to the surface plasmon resonance (SPR) of Au nanoparticles.
The absorption spectra of the Au and Pd@Au hydrosols are pre-
sented in Fig. 1. An absorption peak positioned at ca. 509 nm can
be clearly observed for the Au hydrosol and is ascribed to the SPR
L.D. Zhu et al. / Journal of P

Most of the existing alkaline DAFCs still use Pt or Pt alloys to form
lectrocatalysts, which incurs the cost problem mentioned earlier.
ecently, Chen et al. [16] discovered that Pd had a higher activity
han Pt with respect to the EOR in a basic medium. This suggests
hat Pd is a promising alternative candidate to Pt as the electrocat-
lyst for alkaline DEFCs. Shen et al. [17–21] developed a series of Pd
nd Pd alloy electrocatalysts supported with various materials for
he EOR. They found that the activity of Pd was influenced by the
dditive moiety and the support material, which indicates a syn-
rgetic effect of the additive or support with Pd on the EOR in the
lkaline medium. Nevertheless, the loading of Pd used in the above
ases is still too high for commercial applications. Hence, further
ffort to develop more active and cheaper electrocatalysts for the
OR is necessary.

The objective of this work is to prepare a carbon-supported
d-decorated Au nano-electrocatalyst for the EOR in an alkaline
edium. The work is motivated by the following idea. Since the

lectrochemical reaction occurs just at the surface of Pd, the load-
ng of Pd can be reduced by using a relatively cheaper and more
bundant metal (e.g., Au) nanoparticle as a second-grade support,
n which Pd atoms are deposited as monolayer or sub-monolayer
datoms by chemical or electrochemical (under potential deposi-
ion) epitaxial growth methods. This study reports the preparation
nd characterization of Pd-decorated Au nanoparticles supported
n carbon with different Au to Pd ratios. The pendings show that
he developed non-Pt nanocatalyst has high specific activity and
table performance for the EOR in an alkaline medium.

. Experimental

.1. Chemicals

Metal precursors, including gold chloride and palladium chlo-
ide, were purchased from Sigma–Aldrich Corp. Trisodium citrate,
odium borohydride, ascorbic acid, ethanol, and potassium hydrox-
de (all from Merk KGaA) were used as-received. Vulcan XC-72
arbon (particle size 30–50 nm) was provided by the E-TEK Com-
any. 0.25 mM HAuCl4 and 1 mM HPdCl4 solutions were prepared
y dissolving suitable amounts of gold chloride and palladium chlo-
ide in hydrochloride acid solution.

.2. Synthesis of carbon-supported Pd@Au nanoparticles

The Pd-decorated Au nanoparticles (denoted by Pd@Au) were
repared by nano-Au seed mediated epitaxial growth. Briefly, the
ano-Au seeds were first prepared by the reduction of 0.25 mM
f AuCl4− ions with excess sodium borohydride in the presence
f 0.25 mM trisodium citrate as the stabilizing reagent in an ice-
ater bath with stirring. The Au colloidal seeds (hydrosol) were

tored at 4 ◦C until used and remained stable at least 3 months.
alladium was then deposited on the Au seeds via the following
rocedure. A certain amount of the Au hydrosol was mixed with
ifferent volumes of 1.0 mM H2PdCl4 and cooled in an ice-water
ath. Then, an excess of ascorbic acid was slowly dropped into the
ixture while stirring. The colour of the mixture turned to black-

rown within minutes. Stirring was maintained for a further 30 min
fter finishing the addition of ascorbic acid. The resulting Pd@Au
ydrosols were then deposited on Vulcan-72 active carbon black to
ive a total metal loading of 20 wt.%. In practice, a certain amount of
ulcan XC-72 was dispersed in water and dropped on the prepared

ydrosols. The mixture was then stirred for 24 h. The suspension
as filtered and washed with copious water. The filtrate was dried

t 70 ◦C under vacuum over night. For comparison, 20 wt.% of Pd/C
nd Au/C were also prepared according to the procedures detailed
lsewhere [22,23].
ources 187 (2009) 80–84 81

.3. Characterization of Pd@Au nanoparticles

The UV–vis spectra of the Au and Pd@Au hydrosols were
btained with a Lambda 20 model spectrophotometer (Perkin-
lmer) equipped with quartz cells. The concentration of Au in
he Au and Pd@Au hydrosols was 0.25 mM. The particle sizes
nd morphologies of the carbon-supported Pd@Au nanoparticles
Pd@Au/C) were characterized by means of a JEOL 2010 transmis-
ion electron microscope (TEM) at 200 kV. The X-ray diffraction
XRD) patterns for the catalysts were obtained with a Philips pow-
er diffraction system (model PW 1830) using a Cu K� source
perating at 40 keV at a scan rate of 0.025◦ s−1. XPS measurements
f the catalysts were carried out with a Physical Electronics PHI
600 multi-technique system using an Al monochromatic X-ray at
power of 350 W.

Electrochemical measurements were conducted with a con-
entional three-electrode glass cell under the control of an EG&G
AR potentiostat/galvanostat (Model 273A). A platinum gauze and
saturated calomel electrode (SCE) served as the counter and

he reference electrodes, respectively. All potentials are reported
ith respect to the SCE. The working electrode was a 3-mm

lassy carbon electrode (GCE) modified with the carbon-supported
anoparticles. This was achieved by dropping a suitable amount of
thanol-dispersed electrocatalyst on the GCE. Cyclic voltammet-
ic and chronoamperometric experiments were performed in 1 M
OH aqueous solution in the absence and presence of 1 M ethanol
t ambient temperature (20 ± 0.5 ◦C). High purity of nitrogen was
sed for solution deaeration.

. Results and discussion

The Pd@Au nanoparticles were prepared with successive pro-
edures, in which Au seeds with a mean size of 4.0 nm (measured
rom the TEM image) were first synthesized and then palladium
as deposited on the surface of Au through a chemically epitax-

al growth strategy. To verify whether the palladium was coated
n the Au nanoparticles instead of forming new nuclei, UV–vis
pectroscopy was employed because it is well understood that the
Fig. 1. UV–vis absorption spectra of Au and Pd@Au hydrosols.
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shows the CV curves obtained for electrocatalyst-coated electrodes
with the same total metal loading in 1 M ethanol/KOH. Clearly,
the EOR at Au/C has more positive onset and peak potentials,
which suggests that the electrode kinetics are more sluggish on
Fig. 2. TEM images of (a) Pd/C, (b) Au/C, and Pd@Au/C with Pd/

f nano-Au. When palladium is deposited on the surface of Au,
owever, the naked surface area of nano-Au decreases so as to
iminish the absorption intensity. With increase in the Pd:Au ratio,
he absorption intensity of the Pd-decorated hydrosols decreases
ccordingly. When the ratio approaches 1:2, the Au SPR peak is
ramatically suppressed and shifts to a lower wavelength located at
00 nm. Similar behaviour has been reported elsewhere [24]. With
urther increase in the Pd:Au ratio, for instance, to 1:1 or larger
2:1), the Au SPR absorption peak disappears. This indicates that
he Au nanoparticles are totally encapsulated by the surrounding
d adatoms.

The carbon-supported Pd, Au and Pd@Au nanoparticles were
hen characterized by TEM to determine the morphology, disper-
ion and particle size of the prepared electrocatalysts. As shown
n Fig. 2, all the synthesized nanoparticles are well dispersed with
egligible agglomeration and have a narrow size-distribution, as
he result of the stabilizing effect of the acetate ions. The aver-
ge nanoparticle size measured from counting about 100 individual
articles is about 4.2, 4.0, 4.0, 4.1, 4.6 and 5.4 nm for Pd, Au, Pd@Au
1:6), Pd@Au (1:4), Pd@Au (1:2) and Pd@Au (1:1), respectively.
pparently, with increase in the Pd:Au ratio, the particle size (diam-
ter) increases accordingly, further demonstrating that Pd grows
pitaxially on the surface of Au seed, rather than forming a new
ucleus. It is difficult, however, to discern the core–shell compo-
ents from the TEM images because Au and Pd possess the same
rystal structure and display similar imaging contrast.

The XRD patterns of the carbon-supported Pd, Au and Pd@Au
lectrocatalysts are given in Fig. 3. All the XRD patterns of the
d@Au/C are identical to that of the pure Au/C and the resulting
iffraction peaks located at 2� values of 37.5◦, 44.3◦, 64.8◦ and 77.8◦
re attributed to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes of Au,
espectively [25]. These peaks indicate that Au in the Pd-decorated
anoparticles is all present in the face-centered cubic (fcc) struc-
ure. Compared with the XRD pattern of Pd/C, no diffraction peaks
ssigned to Pd are evident in those of Pd@Au/C electrocatalysts,
io of (c) 1:6, (d) 1:4, (e) 1:2 and (f) 1:1. Scale bar equals 50 nm.

uggesting the absence of large isolated Pd particles. This finding
urther demonstrates that Pd is mainly deposited on the surface
f the Au seeds as a thin shell layer rather than forming a new
ucleus. It is also observed that the intensities of the diffraction
eaks of Au decrease gradually with increase in Pd loading. This
ay be ascribed to an enhanced the Pd coverage and thickness of

he Pd atomic layer decorated on the Au seeds that hinders the
enetration depth of X-rays.

The electrocatalytic activities of the Pd@Au/C were investi-
ated with 1 M ethanol/KOH solution at room temperature. Fig. 4a
Fig. 3. XRD patterns of Pd/C, Au/C and Pd@Au/C catalysts.



L.D. Zhu et al. / Journal of Power Sources 187 (2009) 80–84 83

F
m
o

A
P
i
t
t
s

c
e
a
1
u
r
t
a
s
l
a
F
a
a
o
l
s

F
P

t
(
t
r
m
f
t

i
f
o
1
t
T
A
a
X
energy peaks of Pd3d are around 336.5–341.8 eV for pure Pd/C and
negatively shift to about 0.5–0.8 eV after Pd is deposited on the Au
seeds. As discussed earlier, the thickness of Pd atomic layer dec-
orated on Au is no more than two atomic layers within which the
electronic impact imposed by Au atoms is still effective [28]. There-
ig. 4. Cyclic voltammograms of Pd/C, Au/C and Pd@Au/C with (a) same total
etal loading and (b) specified Pd loading in 1 M ethanol + 1 M KOH at scan rate

f 50 mV s−1.

u/C than on Pd@Au/C. The peak current of the forward scan for
d@Au/C increases as the Pd loading decorated on Au is increased
n the Pd:Au ratio from 1:6 to 1:1. This behaviour is attributed
o an improvement in the electroactive surface area of Pd. When
he Pd:Au ratio reaches 2:1, however, the peak current decreases
lightly. This may be due to an increase in particle size.

The most significant merit of the prepared Pd-decorated Au
atalyst is that the utilization of active metal (i.e., Pd) becomes
nhanced. From the CVs in Fig. 4b, it is seen that the specific cat-
lytic activity of Pd decreases with increase in the Pd:Au ratio from
:4 to 1:1 if the peak current of the forward scan is taken to eval-
ate the performance of the electrocatalysts. In an electrochemical
eaction, only the surface atoms are active as the catalyst, therefore,
he more dispersed Pd atoms on the Au surface, the more specific
ctivity will be achieved. For Pd@Au (1:1) with an average particle
ize of about 5.4 nm, corresponding shell thickness can be calcu-
ated to be about 0.7 nm, which equals to around two layers of Pd
toms by subtracting the Au seed size (average value of 4.0 nm).
or the Pd@Au (1:2), however, the calculated shell thickness is only
bout 0.30 nm, matching the diameter of the Pd atom (0.35 nm)

nd suggesting that almost a monolayer of Pd atoms is decorated
n the Pd@Au (1:2). Similarly, for nanoparticles with a Pd:Au ratio
ower than 1:2, Pd atoms cannot fully cover the surfaces of the Au
eeds and a sub-monolayer of Pd must therefore result. In this case,

F
a

ig. 5. XPS spectra of Pd3d for Pd@Au/C catalysts. Inset shows the XPS spectra of
d/C.

he dispersion of Pd would deteriorate with increasing Pd:Au ratio
from 1:4 to 1:1) due to the stacked Pd atoms and this would lower
he utilization of the Pd catalyst. On the other hand, for a Pd:Au
atio of 1:6, the activity is slightly lower than the others, which
ay be ascribed to a sparsely distribution of Pd atoms on the sur-

ace of gold so that a continuous Pd sub-monolayer necessary for
he dehydrogenation of ethanol [26] cannot be formed.

The peak current ratio of the forward to backward scans (Ib/If)
s usually taken as the criterion to evaluate contamination arisen
rom poisoning species. From Fig. 4a, it is observed that the value
f Ib/If (1.44) for Pd/C is larger than that of Pd-decorated Au/C (e.g.,
.12 for Pd@Au/C (1:2) and 1.01 for Pd@Au/C (1:4)), suggesting
hat poisoning of Pd/C is more serious than that of the Pd@Au/C.
he anti-poison feature of Pd@Au/C is ascribed to the effect of the
u support which weakens the bonding interaction between the
bsorption species and Pd [27]. This point is further confirmed by
PS spectra, as displayed in Fig. 5. It can be seen that the binding
ig. 6. Chronoamperograms of Pd/C and Pd@Au/C in 1 M ethanol + 1 M KOH at oper-
tion potential of −0.4 V.
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ore, the negative binding energy shift must be related to electron
onation from the d-orbital of Au which changes the electron cloud
ensity of the Pd atom. Consequently, the absorptive strengths of
he reaction intermediates in ethanol oxidation are significantly
eakened. The chronoamperometric experiments shown in Fig. 6

ndicate that the Pd activity towards the EOR in the alkaline medium
s more stable after Pd is decorated on Au, which supports the
lectronic effect.

. Conclusions

It has been shown that a monolayer or a sub-monolayer of
d adatoms decorated Au/C can be easily synthesized by control-
ing the Pd:Au atomic ratio in the precursors via a chemically
pitaxial growth method. The prepared electrocatalysts are well-
ispersed and have narrow particle size distributions. Palladium is
xclusively deposited on the nano-Au particles rather than form-
ng new nuclei. With such a growth method, the loading of Pd is
ramatically minimized so as to improve the specific activity of
he catalysts for the EOR in the alkaline medium. Due to the elec-
ronic interaction between the Au support and the Pd decoration
nd the enhanced anti-poison capability for absorbed contamina-
ion species, Pd@Au/C shows more stable performance than pure
d/C.
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