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Abstract
A novel and facile chemical synthesis of highly faceted multiply twinned
gold nanocrystals is reported. The gold nanocrystals are hexagonal in
transmission electron microscopy and icosahedral in scanning electron
microscopy. Phosphotungstic acid (PTA), which was previously reduced,
serves as a reductant and stabilizer for the synthesis of gold nanocrystals. The
PTA–gold nanocomposites are quite stable in aqueous solutions, and
electrochemically active towards the hydrogen evolution reaction.
(Some figures in this article are in colour only in the electronic version)

1. Introduction
Recently, nanocomposites have been the focus of basic
research and practical use in the field of bio-analysis [1–3],
photoelectric devices [4], catalytic application [5, 6] and
medical diagnosis and treatment [7–9]. This interest has
resulted in the development of numerous protocols for
the synthesis of nanostructured materials over a range of
sizes.
It is now known that besides nanoparticle size
and composition, particle shape could be a critical role in
their application, notably in modulating their optical and
catalytic properties [10, 11]. Gold nanocrystals with various
shapes (spheres, rods, wires, prisms, multipods and plates)
have been reported.
For instance, gold nanorods [12]
have been synthesized by electrochemical reduction, gold
nanoprisms [13] and gold multipod nanocrystals [14] have
been prepared via a seed-growth approach, and gold
nanoplates [15] have been made by a wet chemical route
based on the reduction of a gold precursor with orthophenylenediamine. However, there are still only a few reports
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on highly faceted multiply twinned gold nanocrystals [16–21],
such as cubes, tetrahedrons, octahedrons and decahedrons,
especially icosahedral Au nanostructures.
Polyoxometalates are well-defined metal-oxide polyanions that can undergo stepwise and multi-electron reactions
whilst retaining structural integrity [22]. Noble metal–
polyoxometalate nanocomposites [23–26] have been reported,
and they exhibit high catalytic activity and selectivity in
organic catalysis.
The synthesis of the noble metal–
polyoxometalates based on photocatalytic reduction has been
pioneered by Papaconstantinou et al [27]. In the reactions,
silicotungstic acid served as the photocatalyst and stabilizer.
The as-prepared Au nanoparticles were nearly spherical with a
size distribution of 5–20 nm. A strategy for synthesis of noble metal–polyoxometalate nanocomposites was developed by
Sastry et al [28]. The method produced multiply twinned gold
nanoparticles and gold–silver bimetallic nanoparticles with irregular morphology. Thus, it is necessary to exploit a novel
protocol for the controlled synthesis of highly faceted multiply
twinned noble metal–polyoxometalate nanocomposites with a
well-refined shape.

© 2006 IOP Publishing Ltd Printed in the UK

4689

J Yuan et al

2. Experimental section
2.1. Chemicals
PTA (H3 PW12 O40 ·12H2 O), HAuCl4 ·4H2 O and L-ascorbic acid
(C6 H8 O6 ) were obtained from Aldrich. All reagents were
of analytical grade, and the solutions were prepared with
deionized water from a Millipore system (18 M).
2.2. Synthesis of highly faceted Au nanoparticles
In a typical synthesis, a 20 ml volume of 1.2 mM HAuCl4
aqueous solution was vigorously stirred and boiled at 100 ◦ C.
Simultaneously, equivalent volume (5 ml) solutions of freshly
prepared L-ascorbic acid (0.01 M) and PTA (0.02 M) were
mixed. To this mixture, a 200 μl volume of 1 M NaOH was
added to adjust, until the pH value of the mixture achieved 5–6
and the mixture became deep blue from colourless. Then the
mixture was quickly injected into the boiled HAuCl4 solution
and it turned from light yellow into wine red. The solution was
stirred for 4 h to ensure that the reaction had been completed.
The gold colloid was collected by centrifugation at a rate of
8000 rpm for 10 min, redispersed into deionized water and
then dialysed to remove uncoordinated PTA in the deionized
water for 2 days in a 12 K cutoff dialysis bag (Millipore). The
dialysed solution was extremely stable for a month.
2.3. Characterizations of Au nanoparticles
The UV–vis spectra of the dialysed gold colloid solution
were collected on a CARY 500 Scan UV/vis/near IR
spectrophotometer.
A drop of the dialysed gold colloid solution was put on
a carbon–copper grid, and recorded on a JEOL 2000 TEM
operating at 200 kV. 20 μl of the dialysed gold colloid was
put on a clean indium–tin-oxide (ITO) glass slide and imaged
by a XL30 ESEM FEG SEM operating at 20 kV.
To prepare samples for x-ray diffraction (XRD) measurements, the dialysed gold colloid solution was concentrated,
spread on a glass slide and air-dried at room temperature.
The XRD pattern was collected on a D/Max 2500 V/PC x-ray
diffractometer using Cu Kα (40 kV, 200 mA) radiation.
To investigate the electrochemical properties of the
resulting gold nanoparticles, the pH value of the dialysed gold
colloid solution was carefully adjusted with 5 mM H2 SO4
solution until the pH value of the dialysed gold colloid
solution was 2–3. Prior to electrochemical experiments, the
dialysed gold colloid solution was purged with nitrogen for
15 min. Then the electrochemical experiments were performed
at a CHI660 electrochemical workstation (CHI, USA). A
conventional three-electrode system was configured, a glassy
4690
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Herein we report the one-pot synthesis of gold nanocrystals in the presence of phosphotungstic acid (PTA). The PTA
was reduced previously, and then it turned the gold precursors into gold nanocrystals. The as-prepared gold nanocrystals are well-refined, highly faceted and multiply twinned,
with a hexagonal shape in transmission electron microscopy
(TEM), and an icosahedral shape in scanning electron microscopy (SEM). The novel gold–PTA nanocomposites show
a high electrochemical activity towards the hydrogen evolution
reaction (HER).
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Figure 1. UV–vis spectra of (a) 5 mM PTA, (b) a 5 mM mixture of
◦
PTA and AA at pH 5.0, (c) 1 mM AuCl−
4 at 100 C and (d) 1 mM
◦
at
20
C
after
added
such
a
mixture
of
PTA
and AA.
AuCl−
4

carbon disc was polished and used as a working electrode
(1 mm diameter), with a Ag|AgCl (in a saturated KCl solution)
electrode as a reference electrode and a Pt coil as an auxiliary
electrode. All the potentials values reported here were referred
to the Ag|AgCl (in a saturated KCl solution) electrode.

3. Results and discussion
Polyoxometalates can be reduced in a plethora of ways,
for example photochemically [27–29], through 60 Co-γ
radiolysis [30], electrolytically [31] and with reductants [32].
In this work, L-ascorbic acid and PTA in the aqueous solution
with a pH value of 5–6 were mixed. The colour of the solution
changed quickly from colourless into dark blue. As shown
in figure 1, PTA solution has no obvious absorbance in the
range of 400–800 nm. However, when it was mixed with
L-ascorbic acid, the UV–vis spectrum of this mixture has an
absorption band at 760 nm, which is characteristic of oneelectron-reduced polyoxotungstate blue [22, 28], indicating
that the PTA was reduced well by L-ascorbic acid. The reduced
PTA solution was added into the HAuCl4 solution (prepared
at 100 and 20 ◦ C, respectively) under continuous stirring, the
solution changed colour from blue into wine red, indicating the
formation of Au nanoparticles. The UV–vis spectrum recorded
from the PTA–gold solutions showed a sharp absorption band
centred at 528 nm (prepared at 100 ◦ C) and at 526 nm (prepared
at 20 ◦ C), due to the excitation of surface plasma resonance on
the gold nanoparticles. As a mild reductant, L-ascorbic acid
has been used in the synthesis of noble metal nanoparticles
in the presence of protective reagents [33]. In the absence of
phosphotungstic acid, HAuCl4 can also be reduced well by Lascorbic acid, but the Au colloid is unstable and aggregates
quickly. In this study, the PTA–gold solution was extremely
stable over time, indicating that the Keggin ion, PTA, was
bonded electrostatically and stereochemically to the surface
of the Au nanoparticles, and served as a stabilizer for Au
nanoparticles.
In this case the chemical synthesis of Au nanoparticles is
as shown in scheme 1. The electrons shift from the L-ascorbic
acid to PTA, resulting in the reduced PTA, polyoxotungstate
blue (step 1 and 2). The reduced PTA transfers electrons to
HAuCl4 and finally the Au nanoparticles stabilized by PTA
form, as illustrated in scheme 2.

Synthesis of highly faceted multiply twinned gold nanocrystals stabilized by polyoxometalates
HO

HO
O

HO

A

-2e -2H +

HO

AuCl4 - + PW12 O40 4-

O

(1)

O

OH

PW12 O40 3-

O

HO

O

B

O

+e

PW12 O40 4-

(2)

Au0 + PW12 O40 3-

(3)

C

Scheme 1. Description of the redox reaction of L-ascorbic acid, PTA
and AuCl−
4.

Scheme 2. Illustration of the preparation of Au nanoparticles
stabilized by PTA.

Figure 2(A) shows typical low-magnification TEM images
of the gold nanoparticles prepared at 100 ◦ C. The gold
nanoparticles are polydispersed and most of them are wellrefined hexagons (90%) and pentagons (5%) with sizes ranging
from 30 to 50 nm. The size of the particles is defined here as the
distance from one edge of hexagonal projection to the opposite
one. Figure 2(B) shows the selected-area electron diffraction
(SAED) pattern over several Au nanoparticles; it reveals a ring
pattern indexed as (111), (200), (220), (311) and (222) of a
face-centred cubic (fcc) gold lattice. Figure 2(C) shows a highresolution TEM image of a hexagonal Au nanoparticle. A
multiply twinned boundary at the centre of an Au nanoparticle
can be clearly observed from various angles, suggesting the
formation of a multiply twinned particle (MTP) which is close
to the icosahedral gold nanostructures. The central portion of
the TEM image is blurred as a consequence of its sensitivity to
misorientation and to distortion of the ideal icosahedron [34].
In addition to the presence of a twin boundary, the Au
nanostructure is mainly composed of (111) planes with a
d -spacing of 0.236 nm (labelled as (a), (b)), and the lattice
plane is separated by a twin boundary indicated as a line
(labelled as c) on the image.
Further investigation by SEM imaging (in figure 3)
shows that the Au nanostructures are mostly polyhedral at
low magnification, and the high-magnification image clearly
reveals that the Au nanoparticles are icosahedral with a
size of 30–50 nm, which is in agreement with the TEM
observation. It should be noted that PTA has been used in the

Figure 2. (A) TEM image of hexagonal Au nanoparticles prepared at
100 ◦ C. (B) SAED pattern over several hexagonal Au nanoparticles.
(C) High-resolution TEM image of a representative hexagonal Au
nanoparticle prepared at 100 ◦ C, and the distribution of (111) facets:
(a), (b) are labelled as the d -spacing of a (111) facet, and (c) is
labelled as a typical twin boundary between (111) facets.

Figure 3. Low-magnification SEM image of polyhedral Au
nanoparticles prepared at 100 ◦ C (in the upper inset, an enlarged
TEM image shows that the polyhedral Au nanoparticles are
icosahedral structures, with a typical geometric icosahedron in the
lower inset).

synthesis of the spherical Au nanoparticles by photocatalytic
reduction [27, 28], which is totally different from our result.
The reaction condition affects the morphology of Au
nanocrystals.
When Au nanoparticles form at room
temperature (20 ◦ C) (as shown in figure 4), they are nearly
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Figure 4. (A) TEM image of spherical Au nanoparticles prepared at
20 ◦ C. (B) High-resolution TEM image of a representative spherical
Au nanoparticle prepared at 20 ◦ C.
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Figure 5. XRD patterns recorded from (A) Au, (B) drop-cast film of
PTA–gold colloid solution after dialysis and (C) PTA.

Figure 6. (A) Cyclic voltammograms of bare electrodes: (a) glassy
carbon, (b) polycrystalline Au in 5 mM H2 SO4 solution saturated
with N2 (scan rate: 10 mV s−1 ). (B) Cyclic voltammograms of bare
electrodes: (a) glassy carbon, (c) polycrystalline Au in 5 mM PTA
solution saturated with N2 , (b) C V curve in the dialysed PTA–gold
colloid solution at a glassy carbon electrode [the pH value of the
solution was adjusted to 2–3 by the 5 mM H2 SO4 (scan rate
10 mV s−1 )].

spherical with a size distribution of 30–50 nm. A multiply
twinned boundary at the centre of the Au nanoparticle can
be clearly observed from the high-resolution TEM image,
revealing that the nearly spherical Au nanocrystals are also
MTPs, but without refined facets. The thermal process may
be favourable to the formation of well-refined facets of Au
nanocrystals [35]. However, the formation mechanism is still
unclear in our investigations.
The presence of Keggin ions in the dialysed PTA–gold
colloid solution was examined by the XRD analysis (as shown
in figure 5). The Bragg reflection characteristic of fcc gold
nanoparticles is identified in this XRD pattern, which is
consistent with the SAED result. Besides, the Bragg reflection
characteristic of Keggin ions was also present in the XRD
pattern, indicating that the Keggin ions are bonded to the
surface of gold nanoparticles and serve to stabilize the resulting
gold nanoparticles [28].
The electrochemical properties of the Keggin ions were
intensively investigated. However, to date, no report has
involved the electrochemistry of gold nanoparticle stabilized
by PTA.
As is well known, most metal is electrochemically active
towards the hydrogen evolution reaction (HER) [36–38].
Figure 6(A) shows that in 5 mM H2 SO4 solution saturated
with N2 , the HER starting potential at the polycrystalline Au
electrode (curve b) occurs at about 0.25 V, and a high current
output in the hydrogen region (0.25–0.80 V) can be achieved at

this electrode, while the glassy carbon electrode (curve a) has
no significant response to the HER in the same potential range
(0.25–0.80 V).
Figure 6(B) (a and c) shows cyclic voltammograms of the
electrode, glassy carbon and polycrystalline Au, in the 5 mM
PTA solution saturated with N2 . At the glassy carbon electrode
(curve a), it is clear that three reversible well-defined redox
curves occur at the formal potential E f = 0.0, −0.30 and
−0.7 V, respectively. Here E f = (E a + E c )/2, E a and E c
denote the anodic and cathodic peak potential, respectively. In
addition, no significant hydrogen current can be observed from
this CV curve. However, a high hydrogen current at 0.8 V
can be obtained at the polycrystalline Au electrode, and the
HER starts at a potential of about 0.25 V, which is consistent
with the results mentioned above for a polycrystalline Au
electrode in 5 mM H2 SO4 . The CV curve c of PTA at
the polycrystalline Au electrode shows two irreversible redox
waves, with E f = −0.05 and −0.30 V, respectively. The
last redox wave (in curve c) of PTA at the polycrystalline Au
electrode was strikingly deformed due to the HER.
Figure 6(B) (curve b) shows a typical voltammetric
response of Au nanoparticles stabilized by PTAs at a glassy
carbon electrode. Two redox waves ascribed to redoxidation
of the PTA can be clearly seen at E f = 0.0 and 0.03 V,
respectively. The peak location is in good accordance with
the E f of PTA at the glassy carbon electrode, which means
that the phosphotungstic acid still remains a good Keggin
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structure. In addition, the third redox wave (in curve b)
of PTA on the surface of Au nanoparticles at the glassy
carbon electrode was deformed. As discussed above, the
polycrystalline Au is a highly electrochemically active towards
HER, but the glassy carbon is not. Thus, this redox wave was
ill-defined at glassy carbon as a result of HER in the PTAstabilized Au nanoparticle solution, which is consistent with
the electrochemical properties of PTA at the polycrystalline Au
electrode. Differing from the case of PTA at a polycrystalline
Au electrode, the HER potential of Au nanoparticles stabilized
by PTA bursts is more negative at about 0.55 V.
In summary, we report a one-pot chemical synthesis of
highly faceted multiply twinned Au nanocrystals, which was
reduced and stabilized by phosphotungstic acid. The Au
nanoparticles are of hexagonal shape in TEM and icosahedral
in SEM. The gold nanoparticles show electrochemical properties in combination with polyoxometalate and polycrystalline
Au—in particular electrochemical activity towards the hydrogen evolution reaction, which might be used further in electrochemical catalysis and the development of chemical sensors.
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