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Nanoelectrocatalyst Based on High-Density Au/Pt Hybrid Nanoparticles
Supported on a Silica Nanosphere

Shaojun Guo, Junfeng Zhai, Youxing Fang, Shaojun Dong, and Erkang Wang*!"!

Abstract: A high-efficiency nanoelec-
trocatalyst based on high-density Au/Pt
hybrid nanoparticles supported on a
silica nanosphere (Au-Pt/SiO,) has
been prepared by a facile wet chemical
method. Scanning electron microscopy,
transmission  electron  microscopy,
energy-dispersive X-ray spectroscopy,
and X-ray photoelectron spectroscopy
are employed to characterize the ob-

Introduction

tained Au-Pt/SiO,. It was found that
each hybrid nanosphere is composed of
high-density small Au/Pt hybrid nano-
particles with rough surfaces. These
small Au/Pt hybrid nanoparticles inter-
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connect and form a porous nanostruc-
ture, which provides highly accessible
activity sites, as required for high elec-
trocatalytic activity. We suggest that
the particular morphology of the Au-
Pt/SiO, may be the reason for the high
catalytic activity. Thus, this hybrid
nanomaterial may find a potential ap-
plication in fuel cells.

ent. 121 A significant amount of literature has reported

Electrocatalytic reactions are of vital importance in electro-
chemistry and play a key role in emerging technologies re-
lated to environmental and energy-related applications, such
as fuel cells." Considering the importance of the activity
of the electrocatalysts used as cathodes and/or anodes for
fuel cells, it is not surprising that intensive work has been
done during the past decades to design new and improved
electrocatalysts.*'? A high-efficiency electrocatalyst, which
can complete not only the high-potential oxygen electroca-
talytic reduction, but also the low-potential methanol elec-
trocatalytic oxidation with high current density, is of great
necessity. The development of nanotechnology provides new
opportunities for searching or designing an effective nano-
material that can accomplish the direct four-electron reduc-
tion of oxygen to water or electrocatalytic oxidation of
methanol. Pt and Pt-based nanomaterials are still indispen-
sable and are shown to be the most effective at pres-
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the design of unsupported or supported Pt or alloy cata-
lysts.681213200 For example, Pt or Au/Pt alloy nanospheres
have been designed by several groups as high-efficiency
electrocatalysts.” ! Pt nanoparticles supported on carbon
nanotubes (CNTs),[>? TiO,, and carbon®?! can also be
employed as high-efficiency electrocatalysts for electrocata-
Iytic oxidation of methanol. However, low Pt loading on
supported materials greatly limits electrocatalytic perfor-
mance. Considering the cost of materials, and also realizing
a high-performance electrocatalyst, it is necessary to devel-
op a cheaper and more effective hybrid nanomaterial, which
is able not only to complete the direct four-electron reduc-
tion of oxygen, but also be useful for the methanol electro-
catalytic oxidation with high efficiency.

In this paper, we have explored a facile, efficient, and eco-
nomical route to obtain Au/Pt hybrid nanoparticles support-
ed on silica nanospheres (Au-Pt/SiO,). It is expected that
this hybrid nanostructure will greatly increase the efficient
surface-to-volume ratios of Pt. The rapid development of
the fuel cell has inspired us to investigate the electrocatalyt-
ic properties of this novel hybrid nanomaterial for oxygen
and methanol. It was found that the Au-Pt/SiO, mentioned
here exhibited much higher electrocatalytic activity for
oxygen reduction and methanol oxidation than approxi-
mately 6 nm Pt nanoparticles, suggesting that silica nano-
spheres as supporting materials can provide a high surface-
to-volume ratio, and greatly increase the electrocatalytic ac-
tivity of Pt. Several advantages associated with this hybrid
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nanoelectrocatalyst should be noted. First, the immobiliza-
tion of hybrid nanoparticles (Au/Pt) on the surface of silica
for heterogeneous catalysis may avoid small nanoparticles
aggregation, movement, and leaching in the electrocatalytic
process.”! Second, high-density small Au/Pt hybrid nanopar-
ticles interconnect and form a porous nanostructure, which
provides highly accessible activity sites. Third, the size of
Au/Pt nanoparticles is less than 10 nm, which was reported
to be of vital importance to a high electrocatalytic perfor-
mance for oxygen reduction and methanol oxidation.

Results and Discussion

The whole preparation strategy is shown in Scheme 1. A
three-step process was employed to synthesize the Au-Pt/
SiO,. First, silica nanospheres were synthesized by the
method described by Stober et al.?*! and functionalized with
an NH, group. Second, amino-functionalized silica nanopar-
ticles were mixed with gold nanoparticles to obtain a SiO,/
Au nanocomposite. Third, the Au-Pt/SiO, was obtained by
heating the SiO,/Au nanocomposite and a solution of
H,PtCl; in the presence of a reductant (vitamin C, VC). A
detailed preparation process of Au-Pt/SiO, is shown in the
Experimental Section.

The structure and morphology of the resulting product
were characterized using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).
Figure 1 shows the typical SEM image of the as-prepared
silica nanosphere. Monodisperse nanospheres with a size of
about 80 nm are observed in the resulting product. After the
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Scheme 1. Procedure to design Au/Pt hybrid nanoparticles supported on
a silica nanosphere.
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Figure 1. SEM image of silica nanospheres.

silica nanoparticles were modified by gold nanoparticles, a
monodisperse silica/Au nanocomposite with a rough surface
was obtained. The structural details are revealed in Figure 2.
The inset of Figure 2 shows the TEM image of the silica/Au
nanocomposite. It is observed that a great number of gold
nanoparticles with a diameter of 3-6 nm are located on the

Figure 2. TEM image of the silica/Au nanocomposite.
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Figure 3. EDX images of the silica/Au nanocomposite (a) and the Au-Pt/SiO, (b).

surface of silica nanospheres. In order to prove the presence
of gold, Figure 3a shows the energy-dispersive X-ray spec-
troscopy (EDX) spectrum of the SiO,/Au nanocomposite.
One main peak (Au) was observed (the other peaks origi-
nate from the Al glass substrate and silica), indicating that
the SiO,/Au nanocomposites were made up of metallic gold
and silica. Figure 4a shows a typical SEM image of the Au-
Pt/SiO,, where numerous hybrid nanospheres are observed.
In order to reveal the detailed structure of the Au-Pt/SiO,,
typical TEM images of the Au-Pt/SiO, at different magnifi-
cations are shown in Figure 4b and Figure 4c. From the
magnified image (Figure 4c¢), it is observed that each hybrid

Figure 4. SEM (a) and TEM (b, c¢) images of the Au-Pt/SiO,.
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nanosphere is composed of a high-density of small Au/Pt
hybrid nanoparticles with a rough surface. These small Au/
Pt hybrid nanoparticles with a diameter of 8-10 nm inter-
connect and form a porous nanostructure, which provides
highly accessible activity sites necessary for high electrocata-
Iytic activity. Furthermore, the chemical composition of Au-
Pt/SiO, was determined by EDX (Figure 3b). The EDX
spectrum with two main peaks (Au and Pt) was observed
(other peaks originate from the ITO glass substrate and
silica), indicating that the Au-Pt/SiO, was made up of metal-
lic gold, platinum, and silica. To further confirm the exis-
tence of Au, Pt, and silica in the resulting hybrid nano-
spheres, X-ray photoelectron spectroscopy (XPS) was em-
ployed to analyze the surface of the sample. XPS patterns of
the resulting Au-Pt/SiO, show a significant Pt4f signal cor-
responding to the binding energy of metallic Pt (Figure 5a),
a weak Audf signal characteristic of metallic Au (Fig-
ure 5b), a weak Nls signal characteristic of NH, (Fig-
ure 5c), and a weak Si2p signal characteristic of silica (Fig-
ure 5D). The weak Au4f, N1s, and Si2p signals are proba-
bly a result of the fact that the thickness of most Pt shells
on the surface of gold nanoparticles located on the top of
the silica nanospheres exceeds the detection depth of the X-
ray (ca. 10 nm).

The oxygen reduction reaction (ORR) is of indispensable
importance in metal-air batteries, fuel cells, as well as in
oxygen sensors.””#! It is also noted that the electroreduction
of oxygen usually requires high current density, low overpo-
tential, and nearly synchronous delivery of four electrons. In
this study, we have obtained and characterized the Au/Pt
hybrid nanoparticles supported on silica nanospheres. This
hybrid nanostructure is expected to have a highly-efficient
electrocatalytic performance. Therefore, the electrocatalytic
activity of the hybrid nanostructure was first investigated for
oxygen reduction. Figures 6¢ and 6d show the typical cyclic
voltammograms (CVs) of oxygen reduction at the Au-Pt/
Si0,-modified gold electrode in a solution of H,SO, (0.5m)
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b) electrode in a solution of
H,SO, (0.5M) in the presence
of air. The Au-Pt/SiO,-modified
gold electrode (Figure 7a) ex-
hibits a more positive potential
and higher current for oxygen
reduction than that obtained
from the 6 nm Pt nanoparticles
(Figure 7b). Furthermore, the
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reduction potential (0.52 V) ob-
served at the Au-Pt/SiO,-modi-
fied electrode is significantly
d more positive than the other
Pt-based electrode.®™% For in-
stance, our group studied the
electrocatalytic reduction of
oxygen at a Pt-coated Au parti-
cle, and observed the reduction
of oxygen at about 0.1V (Ag/
AgCl).BY Crooks and co-work-
ers reported that the dendri-
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Figure 5. XPS spectra of the as-prepared Au-Pt/SiO,: a) Pt4f, b) Au4f, c) N1s, and d) Si2p.
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Figure 6. CVs of O, reduction at the bare gold electrode- (line a), silica/
Au nanocomposite- (linesb and c), and Au-Pt/SiO,- (line d) modified
gold electrode in air-saturated (lines a, b, ¢) and O,-saturated (line d) sol-
utions of H,SO, (0.5M) at a scan rate of S0 mVs.™

in the presence of air and saturated oxygen, respectively. In
the presence of air, a remarkable catalytic reduction current
occurs at 0.6 V (Figure 6¢) at a scan rate of 50mVs.™' A
higher catalytic current for oxygen reduction is observed at
0.52V in the presence of saturated oxygen (Figure 6d),
whereas no catalytic reduction current can be observed at
the bare ITO (Figure 6a), and the silica/Au nanocomposite-
modified (Figure 6b) electrode in the potential range em-
ployed. To further reveal the high electrocatalytic perfor-
mance of the obtained Au-Pt/SiO,, the ORR of approxi-
mately 6 nm Pt nanoparticles was also investigated. Figure 7
shows the typical CVs of oxygen reduction at the Au-Pt/
SiO,- (a) and the 6 nm Pt nanoparticles- (b) modified gold

Chem. Asian J. 2008, 3, 1156 -1162
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mer-encapsulated Pt nanoparti-
cle-modified electrode shows
the reduction peak at about
0.25 V. Comparing the results
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Figure 7. CVs of O, reduction at the Au-Pt/SiO,- (line a) and approxi-
mately 6 nm Pt nanoparticle- (line b) modified gold electrode in an air-
saturated solution of H,SO, (0.5M) at a scan rate of 50 mVs. ™

obtained at our electrode with those already reported re-
veals the present electrode to show a higher electrocatalytic
activity. Furthermore, the Au-Pt/SiO, (Figure 8a) possesses
a higher electroactive surface area than that of the 6 nm Pt
nanoparticles (Figure 8b), as evidenced by the current asso-
ciated with the hydrogen adsorption and desorption events.
This is probably caused by the fact that the silica particle, as
a 3D support, can supply high surface areas for the Au/Pt
hybrid nanoparticles, thus leading to more accessible sites
for molecular species.

In this study, we have shown that Au-Pt/SiO, exhibits a
high catalytic current and low overpotential for the reduc-
tion of oxygen. The additional important index is the four-
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Figure 8. CVs of the Au-Pt/SiO,-modified gold electrode in a N,-purged
solution of H,SO, (0.5m) at a scan rate of 50 mVs.™!

electron electroreduction of oxygen to water, which is great-
ly pursued by scientists around the world in view of the im-
portant application in fuel cells. Thus, the ORR was also
probed by RRDE experiments to demonstrate the ORR
process of the Au-Pt/SiO,, and to see which of the following
two reactions [Eq. (1)] and [Eq. (2)] the Au-Pt/SiO, would
catalyze:

O, +2H" +2¢~ — H,0, (1)
O, +4H" +4e” — 2H,0 (2)

It is known that the 4e™ reduction of oxygen to H,O is
preferred for fuel cells since reduction to H,O, has a lower
potential and causes cell degradation. Herein, a rotating GC
disk—platinum ring electrode was employed to determine
the electron-transfer number (n) of oxygen reduction.
Figure 9 shows the voltammetric curves for oxygen reduc-
tion recorded at the RRDE with the Au-Pt/SiO, films im-
mobilized on the GC disk electrode. The disk potential was
scanned from 0.75 to 0.15 V, whereas the ring potential was
held at 1.0 V to oxidize the H,O, generated by the O, reduc-
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Figure 9. Current-potential curves for the reduction of air-saturated O, at
a rotating platinum ring-GC electrode with Au-Pt/SiO, adsorbed on the
disk electrode. The potential of the ring electrode was maintained at
1.0 V with a rotation rate of 100 rpm and a scan rate of 50 mVs.”' The
supporting electrolyte was H,SO, (0.5m).
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tion at the disk electrode. A large disk current was obtained
whereas almost no ring current was observed, suggesting
that the as-prepared hybrid electrocatalysts reduce O, pre-
dominantly by four electrons to H,O. The collection effi-
ciency (N) of the ring electrode obtained by reducing ferri-
cyanide at the disk electrode was 0.139. From the ratio of
the ring-disk current, the electron-transfer number (n) is cal-
culated to be about 4 (3.92) according to the equation n=4-
2(I/IpN).P)

Recently, direct methanol fuel cells (DMFCs) have been
intensely pursued because of their numerous advantages in-
cluding high energy density, the ease of handling a liquid,
low operating temperatures, and their possible applications
to micro fuel cells.”* The performance of fuel cells, such
as DMFCs, is known to be strongly dependent on the elec-
trocatalytic materials used. Accordingly, for the best DMFC
performance, it is essential to develop a good electrocatalyt-
ic nanomaterial for exploring the performance of the metha-
nol electrocatalytic oxidation. The electrocatalytic proper-
ties of the Au-Pt/SiO, hybrid nanostructure toward the
methanol oxidation reaction were tested and compared with
approximately 6 nm Pt nanoparticles and a bare Pt electrode
in a solution of H,SO,. A gold plate electrode with a diame-
ter of 2 mm was used. From the CV in Figure 10d, the Au-
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Figure 10. CVs of methanol oxidation at the silica/Au nanocomposite-
modified gold electrode (line a), bare gold electrode (line b), approxi-
mately 6nm Pt nanoparticles- (line ¢), Au-Pt/SiO,- (line d)-modified gold
electrode, and bare Pt electrode (line e) in a solution of H,SO, (0.5m)
containing methanol (1wm). Scan rate is 50 mVs. ™!

Pt/Si0,- modified gold electrode shows a catalytic behavior
for the electrooxidation of methanol by the appearance of
an oxidation current in the positive potential region. The
onset potentials are around 0.3V (vs. Ag/AgCl). The peak
current at about 0.69 V (vs. Ag/AgCl) in the forward scan is
attributed to methanol electrooxidation on the hybrid elec-
trocatalysts.’” This peak current (with the same Pt loadings
for two samples tested) is about 3 times higher than that ob-
tained from the 6 nm Pt nanoparticles (Figure 10c) and
much higher than that obtained from the bare Pt electrode
(Figure 10¢e). This significant improvement in the catalytic
performance can probably be attributed to a particular mor-
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phology of the Au-Pt/SiO, designed here. In the reverse
scan, an oxidation peak is observed at around 0.50 V, which
is probably associated with the removal of the residual
carbon species formed in the forward scan. In comparison,
methanol electrocatalytic oxidation was also investigated on
silica/Au nanocomposite-modified gold electrode (Fig-
ure 10b) and bare gold electrode (Figure 10a). No oxidation
peaks of methanol are observed, indicating that the electro-
catalytic current observed in Figure 10d can most likely be
ascribed to the high electrocatalytic activity of the Au-Pt/
SiO, with a high surface-to-volume ratio.

Considering the particular structure of the Au-Pt/SiO,,
three important factors could be responsible for the high
electrocatalytic activity mentioned above. First, the Au/Pt
hybrid nanostructure was supported on 3D silica nanoparti-
cles. Silica particles, as a 3D support, can supply high surface
areas for Au/Pt hybrid nanoparticles, leading to more acces-
sible sites for molecular species. Second, the Au-Pt/SiO,
itself provides a higher efficient active surface than the Au/
Pt bimetallic nanosphere obtained by Zhang and co-work-
ersP because of its particular structure (that is, a porous
nanostructure with spacings between the Pt nanoparticles on
the Au-Pt/SiO,-modified electrode). Third, the size of Au/Pt
nanoparticles is less than 10 nm, which was reported to be
of vital importance to a high electrocatalytic performance
for oxygen reduction and methanol oxidation.

Conclusions

In summary, by taking advantage of the recent advances in
nanotechnology, we demonstrate a novel and highly-efficient
nanoelectrocatalyst based on Au/Pt hybrid nanoparticles
supported on a silica nanosphere. It is found that the hybrid
nanomaterial exhibits higher electrocatalytic activity than
the approximately 6 nm Pt nanoparticle, and the bare Pt
electrode. The potential for oxygen reduction reaches 0.6 V,
which is about 160 mV higher than that obtained on the Pt
nanoparticle-modified gold electrode. RRDE voltammetry
demonstrates that the Au-Pt/SiO, can catalyze an almost
four-electron reduction of O, to H,O in an air-saturated so-
lution of H,SO, (0.5m). Furthermore, the current for metha-
nol oxidation obtained in the Au-Pt/SiO,-modified gold
electrode is about 3 times higher than that obtained on the
Pt nanoparticle-modified electrode. It is expected that this
hybrid nanomaterial with high-efficiency electrocatalytic
performance will be useful for application in fuel cells.

Experimental Section

Chemicals

Tetraethoxysilane (TEOS), ammonium hydroxide (NH,OH), trisodium
citrate, vitamin C (VC), HAuCl,4H,O, H,PtCl,-6H,0, H,SO,, methanol,
and ethanol were purchased from Beijing Chemical Factory (Beijing,
China) and used as received without further purification. (3-Aminopro-
pyDtrimethoxysilane (APTMS) and nafion (perfluorinated ion-exchange
resin, 5 wt % solution in a mixture of lower aliphatic alcohols, and water)

Chem. Asian J. 2008, 3, 1156 -1162
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was purchased from Aldrich and used as received. Water used through-
out the experiments was purified with the millipore system.

Apparatus

An XL30 ESEM scanning electron microscope equipped with an energy-
dispersive X-ray analyzer was used to determine the morphology and
composition of products. Transmission electron microscope (TEM) meas-
urements were made on a HITACHI H-8100 EM with an accelerating
voltage of 200 kV. The sample for TEM characterization was prepared by
placing a drop of prepared solution on a carbon-coated copper grid and
dried at room temperature. X-ray photoelectron spectroscopy (XPS)
measurements were performed on an ESCALAB-MKII spectrometer
(VG Co., United Kingdom) with Al Ko X-ray radiation as the X-ray
source for excitation. The XPS sample was dropped on an Al substrate.
Cyclic voltammetric experiments were performed with a CHI 832 elec-
trochemical analyzer (CH Instruments, Chenhua Co., Shanghai, China).
A conventional three-electrode cell was used, including a Ag/AgCl (satu-
rated KCI) electrode as a reference electrode (applying to all electro-
chemical experiments), a platinum wire as a counterelectrode, and a bare
or modified gold electrode as a working electrode. The working electrode
was a gold disk with a diameter of about 2 mm, polished with Al,O,
paste, and washed ultrasonically in millipore water. An EG&G PARC
Model 366 bi-potentiostat was used for rotating ring-disk electrode
(RRDE) experiments. A rotating glassy carbon (GC, 5 mm) disk-plati-
num ring electrode was also used as a working electrode. The collection
efficiency (N) of the ring electrode obtained by reducing ferricyanide at
a disk electrode was 0.139.

Preparation of Silica/Au Nanocomposite

All glassware used in the following procedures was cleaned in a bath of
freshly prepared 3:1 HCI/HNO; (aqua regia) and rinsed thoroughly in
milli-Q grade water prior to use. Silica nanoparticles with a diameter of
about 80 nm were prepared as described by Stober et al.?*! Briefly, am-
monium hydroxide (1.7 mL; 25-28 %) was added to dry ethanol (50 mL)
with TEOS (1.5mL) and water (1 mL) then added to the ethanol solu-
tion under vigorous magnetic stirring. After 3 h, additional TEOS (1 mL)
was added. Silica nanospheres were obtained after stirring for 12 h. Final-
ly, APTMS (0.4 mL) was added for 6 h. The APTMS-functionalized silica
nanoparticles were purified by centrifugation and redispersion in water
(40 mL). Colloidal gold nanoparticles were prepared according to the re-
ported literature. SiO,/Au nanocomposites were synthesized by the fol-
lowing approach. Mainly, the APTMS-functionalized silica nanoparticles
(2 mL) dispersed in water were placed in a flask (100 mL), and the pre-
pared gold colloid (40 mL) was added. After stirring for several minutes,
the red-colored SiO,/Au nanocomposites were obtained. The purified
SiO,/Au nanocomposites (6.98 mm, calculated by using the silicon atom)
were redispersed and sonicated in water (80 mL) until required.

Preparation of Au/Pt Hybrid Nanomaterial Supported on a Silica
Nanosphere

The prepared SiO,/Au nanocomposites (80 mL) were heated to boil.
Then, H,PtCly (2mL, 1%) and citrate (3 mL, 1% ) were added to the so-
lution, followed by the addition of VC (2 mL, 0.1m). After heating for
30 min, the Au-Pt/SiO, (2.41 mm, calculated by using the Pt atom) was
obtained. The resulting solution was centrifuged four times and redis-
persed in water (16 mL). The Au-Pt/SiO, was stable in the aqueous solu-
tion after storing for one day.

Synthesis of Pt Nanoparticles (ca. 6 nm)

The Pt nanoparticles were synthesized according to the literature.
Briefly, an aqueous solution of H,PtCl; (1 mL, 1%) was added to water
(100 mL), and heated to boiling. Aging of the solution of H,PtCls was
not necessary in this synthetic procedure. Then, an aqueous solution of
sodium citrate (3 mL, 1% ) was added rapidly, and the mixture was kept
at a boiling temperature for ca. 30 min. The diameter of the Pt nanoparti-
cles was about 6 nm (data not shown) as characterized by using TEM.
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Electrocatalytic Experiment

The electrode was loaded with hybrid nanomaterials or Pt nanoparticles
(5 pL, the same Pt loadings for two samples tested, 2.35 pg). Electrocata-
lytic oxygen reduction measurements were carried out in a solution of
H,SO, (0.5m) in the presence of air or saturated oxygen at the scan rate
of 50 mV's.”! Methanol electrocatalytic oxidation measurements were car-
ried out in a solution of H,SO, (0.5M) containing methanol (1M) at the
scan rate of 50 mVs.”! For the RRDE voltammetry experiment, a solu-
tion of Au-Pt/SiO, (10 uL) was dropped on the GC electrode (5 mm) and
allowed to dry at room temperature. Then, nafion (5puL , 02%) was
placed on the surface of the Au-Pt/SiO,-modified GC electrode.
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