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a b s t r a c t

Au nanoparticles (NPs) were synthesized in the one-pot procedure in water at room temperature

with the wheel-shaped VV–VIV mixed-valence tungstovanadate [P8W48O184{V4
VV2

IVO12(H2O)2}2]32�

(V12) acting as both reducing and stabilizing agents. The V12 stabilized Au NPs (Au@V12 NPs) were

characterized by SEM, TEM, DLS, UV–vis spectroscopy, XPS, and XRD analyses and the negatively

charged surface of the Au@V12 NPs was proved by the zeta potential analysis. Based on the layer-by-

layer assembly (LbL), the Au@V12 NPs-containing multilayer films have been fabricated on ITO-coated

glass slide and quartz substrates with poly(ethyleneimine) (PEI). The regular growth of the multilayer

films was monitored by UV–vis spectroscopy and cyclic voltammetry, the composition was character-

ized by XPS. The Au@V12 NPs based composite films showed electrocatalytic activities towards the

reduction of dioxygen and the oxidation of methanol. This approach is expected to open the way

towards procedures aimed at the one-step fabrication of Au NPs and polyoxometalates (POMs) into the

multilayer films.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Metal nanoparticles (NPs) have attracted increasing attention
due to their fascinating optical and electrical properties, which
are remarkably different compared with their bulk materials and
are regulated by NPs size, shape, composition, aggregation state,
and local surroundings [1–5]. Such unique properties make NPs
promising candidates for the applications in the fields of optical,
electronic, catalytic, sensing, biodiagnostics, materials science and
so on [6–11]. In recent years, the studies on Au NPs have been
widely developed including synthesis method and reaction con-
dition [12], control of shape and size [13], selection of reaction
reagents [14], etc. However, most Au NPs were prepared under an
organic environment and a relatively high temperature in com-
mon. Thus, the further exploration of Au NPs synthesis under
environmentally friendly conditions still remains a challenge.

Polyoxometalates (POMs) are exciting inorganic metal-oxygen
cluster species with a diverse compositional range, enormous struc-
tural variety and interesting adjustable multi-functional properties,
which have displayed reversible electron-transfer behaviors without
any significant structural change [15]. Such reversible charge-transfer
ability makes POMs ideal candidates for uniform-phase electron
exchange process [16]. Based on such understanding, a new room
ll rights reserved.
temperature preparation method for Au NPs was developed, namely,
POMs with partially reduced species were used both as reductants
and stabilizers to synthesize Au NPs in water at room temperature. To
date, of various Au nanostructures, such as spherical [17] or quasi-
spherical NPs [18], triangular and hexagonal nanoplates, twisted
nanowires [19], and flower-like NPs [20] were successfully synthe-
sized via carefully selecting appropriate POMs and tuning the
concentrations of the POMs or the molar ratio of metallic and POMs
without any surfactant, seed or template. It can be seen that this
strategy opens the promising way towards the ‘‘green-chemistry’’
synthesis of Au NPs via use of POMs. So far, several POMs have been
used to synthesize Au NPs [21–24]. Usually, the selected POMs need
to be firstly reduced by electrochemistry or photochemistry during
the synthesis process of Au NPs. Here, we chose a wheel-shaped
VV–VIV mixed-valence tungstovanadate Na12K8H4[K8P8W48O184{V4

V

V2
IVO12(H2O)2}2] �80H2O (V12) [25] with the reduction ability acting

as both the reducing agent and the stabilizer to prepare Au NPs to
simplify the synthesis process of Au NPs. In addition, the surface of
the as-prepared Au NPs absorbed a layer of V12 polyanions, making
the overall Au NPs negatively charged with a relatively hydrophilic
surface, which was further fabricated into the multilayer films based
on the electrostatic attraction with the positively charged poly(ethyl-
eneimine) (PEI) by the layer-by-layer (LbL) assembly method.

In recent years, the LbL assembly method based on alternately
electrostatic adsorption of oppositely charged species has been
widely utilized to fabricate the multilayer films. More and more
POMs with various structures have been incorporated into the
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multilayer films by LbL method for developing the functional thin-
film materials or devices. These composite films have displayed not
only the electrocatalytic activities towards the reduction of sub-
stances such as NO, NO2

� , NO3
� , BrO3

� , IO3
� , H2, and H2O2 [26–28]

and the oxidation of substances including As2O3 and C2O4
2� [29], but

also the luminescence, electro-, and photo-chromic properties
[30,31]. In addition, the potential application as pH-sensitive probe
was reported [32]. Recently, the intense research has been devoted
to the fabrication of POMs and NPs, including carbon nanotube [33],
Pt NPs [39], Fe3O4 NPs [34], TiO2 NPs [35], Bi2O3 NPs [36], and Ag
NPs [37] to exhibit the synergistic properties originating from POMs
and NPs. More recently, Liu and Tang prepared the photoswitchable
fluorescence hybrid films based on photochromic POM K14[Na
(H2O)P5W30O110] and luminescent core-shell CdSe@CdS NPs [38].
The above reports completely testified that POMs are ideal candi-
dates to incorporate NPs into multidimensional arrays on the
surface of different substrates. However to our knowledge, the
exploration of POMs stabilized metallic NPs-based multilayer films
as functional materials is relatively rare [39].

In this paper, we successfully prepared the V12 stabilized Au
NPs (Au@V12 NPs) with the VV–VIV mixed-valence tungstovana-
date [P8W48O184{V4

VV2
IVO12(H2O)2}2]32� (V12, as shown in Fig. 1)

acting as both reducing and stabilizing agents, and incorporated
them into the multilayer films (as shown in Fig. 2) based on the
following considerations: (i) Au NPs are synthesized in the one-
pot procedure in water at room temperature with the selected
POM. (ii) The stability of Au@V12 NPs is retained resulting from
the existence of the repulsion forces of Au@V12 NPs with the
negatively charged surface. (iii) The fabrication process of the
multilayer films based on POMs and Au NPs is simplified, namely,
Fig. 1. Combined polyhedral/ball-and-stick representation of V12. Color code: V, dark

yellow; O, red; WO6, cyan; and PO4, blue. (For interpretation of the references to colour

in this figure, the reader is referred to the web version of this article.)

Fig. 2. Scheme of preparation of (PEI/Au@V12)n LbL multilayer films on the ITO-coated

glass slides (not scaled).
Au NPs do not need to be synthesized alone. (iv) The positively
charged species are easy to be incorporated into the Au@V12
NPs-based multilayer films by the LbL assembly method, which
will open up the novel way towards the construction of the multi-
functional thin-film materials or devices based on POMs, Au NPs,
and functional positively charged species.
2. Experimental section

2.1. Chemicals and methods

Na12K8H4[K8P8W48O184{V4
VV2

IVO12(H2O)2}2] �80H2O (V12) was
freshly prepared according to the literature procedure [25].
Poly(ethyleneimine) (PEI) was purchased from Aldrich and was
used without further treatment. All of the other chemicals were of
reagent grade and used as received unless stated. Ultrapure water
(18 MO cm) delivered from a MilliPore system was employed in
all experiments.

FT-IR spectra were carried out on a Bruker Vertex 80v FT-IR
spectrometer equipped with a DTGS detector (32 scans) with a
resolution of 4 cm�1 on a KBr pellet. X-ray photoelectron spectro-
scopy (XPS) spectra were acquired on an ESCALAB-250 spectrometer
with a monochromic X-ray source (Al Ka line, 1486.6 eV). Powder
X-ray diffraction (XRD) data were recorded on a Rigaku X-ray
diffractometer, using Cu Ka radiation at a wavelength of 1.542 Å.
Scanning electron microscope (SEM) images were obtained on a
JEOL FESEM 6700F electron microscope, and transmission electron
microscopic (TEM) images were carried out on a Hitachi H8100
electron microscope. Dynamic light scattering (DLS) was carried out
on a DAWN Enhanced Optical System (DAWN EOS, Wyatt Technol-
ogy Corporation). Zeta potential measurements were operated on a
Nano-ZS instrument, model ZEN 3600 (Malvern Instruments). UV–vis
absorption spectra were recorded out on a Shimadzu UV-3100
spectrometer, and the slit width was set at 2 nm. All electrochemical
experiments were performed with CHI 660C electrochemical
system at room temperature. A three-electrode electrochemical
cell was used with an indium tin oxide (ITO)-coated glass slide as
the working electrode, a platinum wire as counter electrode and
Ag/AgCl as the reference electrode.
2.2. Preparation procedure of V12 stabilized Au NPs (Au@V12 NPs)

A series of concentrations 0.01, 0.05 and 0.1 mM of HAuCl4 (Au
acid) and 0.01, 0.05 and 0.1 mM of V12 solutions in water were
prepared. The same amount (0.5 mL) of the above Au acid
solutions were mixed with the corresponding concentrations of
V12 solutions to prepare a series of reaction systems with same
molar ratio of 1 from an Au acid to V12, which was defined as g
indicated by the following formulation: g¼[Au acid]/[V12], and
different initial concentrations, namely, the Au acid and V12
concentrations ranged 0.01–0.1 mM. After mixing the two solu-
tions for about 1 min or less the solution color turned from violet
to orange, which indicated the reaction occurred quite quickly.
The exact color nuance depended on the initial concentrations of
Au acid and V12, suggesting the formation of different Au NPs,
which was further demonstrated by UV–vis spectra.

The obtained suspension was sonicated for 30 min. Then,
Au@V12 NPs were separated from the reaction mixture after
centrifugation, washed with water, this procedure was typically
repeated three or four times until the final suspension of Au NPs
was permanently navy, and re-dispersed into water for analyses.
It was worth noting that re-dispersion of the centrifuged Au NPs
in water gave clear colloidal solutions, which could be remained
stable for at least 1 month.



Fig. 4. Comparative UV–vis spectra of V12 (a), Au acid (b) and Au@V12 NPs

(c) with [V12]¼0.1 mM at g¼1.
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2.3. Preparation of the multilayer films containing Au@V12 NPs

A transparent ITO-coated glass slides or quartz substrates were
treated according to the published procedure before use [40]. The
freshly prepared slides were soaked for 20 min in an aqueous solution
containing 7.0 wt% PEI, forming a precursor PEI layer with positively
charged surface to which the negatively charged Au@V12 NPs could
be adsorbed electrostatically. Then, the ITO/PEI slide was immersed in
an Au@V12 NPs containing solution for 20 min. After thoroughly
rinsing with water and drying with a nitrogen stream, the modified
electrode with an Au@V12 NPs monolayer was transferred to the
7.0 wt% PEI solution again, resulting in the adsorption of another layer
of PEI. When the resulting modified electrode was alternately placed
in Au@V12 NPs and PEI solutions in a cyclic fashion, the Au@V12 NPs
and PEI-containing multilayer films were formed. The thickness of the
multilayer films was readily adjusted by choosing different numbers
of cycles by the LbL modification method. The preparation of the
multilayer films containing V12 was the same with that of Au@V12
NPs, except that the V12 solution was used instead of the Au@V12
NPs solution.
Fig. 5. UV–vis spectrum of Au@V12 NPs after centrifugation of the mixture with

V12 original concentration of 0.1 mM at g¼1.
3. Results and discussion

3.1. Preparation of Au@V12 NPs

The precursor was HAuCl4 (Au acid). The selected POM for this
work was Na12K8H4[K8P8W48O184{V4

VV2
IVO12(H2O)2}2] �80H2O (V12),

which belongs to the wheel-shaped tungstovanadate containing two
mixed-valence V6-type aggregate (see Fig. 1), namely, the reduced
centers of VIV are present in V12. In a typical experiment, a mixture
containing 0.01, 0.05 and 0.1 mM Au acid and 0.01, 0.05 and 0.1 mM
V12 was prepared, respectively, in water with g¼1, and then
electron exchange reactions between Au acid and V12 took place
automatically at room temperature without any additives, which
displayed a quick color change of the solutions from violet to orange
within 1 min, suggesting that the partial VIV in V12 was converted to
VV continuously, accompanying the reduction of AuIII–Au0. Because
of the extremely low initial concentration of Au0 in the solution, the
typical dark blue color of an Au0 could not be observed clearly in the
mixture. However, dark blue precipitates could be obtained by
separating from the orange solution after centrifugation, indicating
the formation of Au NPs.
Fig. 3. Powder XRD pattern of the Au@V12 NPs with V12 initial concentration of

0.1 mM at g¼1.

Fig. 6. UV–vis spectra of Au@V12 NPs with different V12 initial concentrations

at g¼1.



Fig. 7. SEM images of the Au@V12 NPs with different V12 initial concentrations of 0.01 (a), 0.05 (b) and 0.1 mM (c) at g¼1.

Fig. 8. (a) TEM image of the Au@V12 NPs with V12 initial concentration of 0.1 mM at g¼1; (b) a magnified TEM image of the Au@V12 NPs and (c) size histogram of

Au@V12 NPs of about 60 NPs counted from the TEM image showing the distribution of Au@V12 NPs.
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3.2. Characterization of Au@V12 NPs

3.2.1. Powder XRD pattern

Powder XRD analysis was performed to identify the crystal
direction of the Au NPs. As shown in Fig. 3, the typical powder
XRD pattern for Au@V12 NPs with the initial concentration of
0.1 mM at g¼1 clearly displayed the {1 1 1}, {2 0 0} and {2 2 0}
Bragg reflections of face-centered cubic (fcc) of gold in agreement
with the expectation of peaks at 38.11 {1 1 1}, 44.41 {2 0 0} and
64.71 {2 2 0} [41]. In addition, the intensity ratio of {1 1 1} to
{2 0 0} diffraction peaks was larger than 1.9 of the standard
diffraction of gold powders, suggesting that the nanocrystallites
grow with the surfaces terminated by the lowest energy {1 1 1}
facets [42]. An evaluation of the average diameter of Au NPs in the
{1 1 1} direction through Scherrer formula applied to the {1 1 1}
Bragg reflection gave a value of 2372 nm [43], in agreement with
direct measurements from the TEM image.
3.2.2. UV–vis spectra

For comparison, the UV–vis spectra of V12 (curve a), Au acid
(curve b) and Au@V12 NPs (curve c) with [V12]¼0.1 mM at g¼1
in the solutions were shown in Fig. 4. The peak at ca. 558 nm in
curve c, which was observed after mixing Au acid and V12
solutions, was featured for the Au NPs. For clarity, Au@V12 NPs
were separated from the reaction mixture after centrifugation,
washed with water, and re-dispersed in water, its UV–vis spec-
trum was shown in Fig. 5. In Fig. 5, a broad absorbance band at
ca. 558 nm, featuring a typical dipole resonance associated with
spherical or quasi-spherical Au NPs [44,45], was observed, which
was indicative of the formation of Au NPs. In addition, peaks at
Fig. 9. XPS spectra of the Au@V12 NPs with (a) Au 4f; (b) W 4f a
ca. 200 and 270 nm for V12 were all found, indicating the
formation of V12 stabilized Au NPs, Au@V12 NPs. When g value
was kept at 1 and concentrations of V12 and Au acid were varied
from 0.01, 0.05–0.1 mM, the UV–vis peak location changes with
the difference of the initial concentrations, as shown in Fig. 6. It
could be concluded that increasing the initial concentrations of
Au acid and V12 induces the red shifts of the UV–vis peaks of Au
NPs. These observations displayed an influence of the initial
concentrations on the formation of Au NPs, which were comple-
tely consistent with theoretical expectations based on the evolu-
tion of NPs size [44,46] and with experimental phenomena for
similar systems [42,47].
3.2.3. SEM and TEM images

Fig. 7 is SEM images of the Au@V12 NPs with different initial
concentrations of 0.01 (a), 0.05 (b), 0.1 mM (c) at g¼1. In full
agreement with the UV–vis spectra, the NPs were spherically
shaped with a diameter of around 30 nm and a scattered size
distribution.

For TEM measurements, the sample drops were deposited and
dried on a carbon-coated copper grid. A representative image is
shown in Fig. 8a, obtained from the initial concentration of 0.1 mM
with g¼1. The NPs were spherically shaped and quasi-monodis-
perse (standard deviation o10%) with a diameter around 23 nm,
in agreement with the histogram of about 60 NPs counted from the
TEM image (Fig. 8c).

The obtained colloidal solution was very stable and did not
show any precipitate at least 1 month without adding any organic
stabilizer, implying that the V12 served both as a reductant and
an efficient stabilizer. TEM observations further demonstrated
nd (c) V 2p with an initial concentration of 0.1 mM at g¼1.



Fig. 12. UV–vis absorption spectra of the multilayer films of (a) {PEI/Au@V12}6 and (b)

1 to 6 (from bottom to top). The insets show the relationships of the absorbencies ver

Fig. 10. DLS curve of the Au@V12 NPs with V12 initial concentration of 0.1 mM at

g¼1 in water.

Fig. 11. Zeta potential pattern of the Au@V12 NPs with the V12 initial concentra-

tion of 0.1 mM at g¼1 in water.
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a core-shell structure of Au@V12 NPs. After the TEM image of the
same sample was magnified than that in Fig. 8a, a thin layer
thickness with around 2 nm was clearly observed in Fig. 8b,
which displayed the same size with that of V12. Such core-shell
structure was always observed for POM stabilized NPs [20,48]. In
addition, XPS analyses further supported such core-shell structure
of Au@V12 NPs.

3.2.4. XPS measurements

The sample for the XPS analysis was deposited on the silicon
substrate as supports. The analysis was carried out on Au@V12 NPs
with the initial concentration of 0.1 mM at g¼1. As shown in
Fig. 9a, typical XPS results gave the characteristic Au 4f peaks in two
valence states: Au0 (located at 83.6 and 87.3 eV for 4f7/2 and 4f5/2

levels, respectively) and AuIII (85.4 and 89.2 eV for 4f7/2 and 4f5/2

levels, respectively). However, the amount of AuIII was very low and
the amount of Au0 was the most abundant species in the mixture,
thus confirming the effectiveness of the reduction process. In
addition, it can be seen from Fig. 9b and c, two characteristic W
4f peaks (35.6 and 37.6 eV) and three V 2p peaks (514.3, 516.5 and
523.7 eV) were also observed, respectively, despite the sample has
been washed thoroughly. These observations supported our propo-
sal that the V12 served both as a reductant and as a capping layer.
Similar cases have been found for POMs stabilized metal NPs [20].

3.2.5. DLS analysis

In order to measure the distribution of Au@V12 NPs in water, the
DLS analysis was performed. It was indicated in Fig. 10 that the
aggregates had a hydrodynamic radius (Rh) centered at 37.8 nm.
From repeated experiments, we found that the aggregates of
Au@V12 NPs were quite stable, because both the scattering intensity
and Rh change little even upon standing at room temperature for
more than one month. The size given by SEM, TEM and powder XRD
was smaller than the result of DLS, but this was understandable due
to the drying-induced shrinkage [49].

3.2.6. Zeta potential analysis

We employed the zeta potential technique to measure the
surface potential of Au@V12 NPs being at �24.6 mV, as shown in
Fig. 11, which indicated that the surface of Au@V12 NPs in water is
negatively charged. It was apparent that the V12 polyanions were
adsorbed on the surface of Au NPs, resulting in the formation of
{PEI/V12}6 on the quartz substrates with an increase of the number of layers from

sus the layer number of the multilayer films.
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core-shell Au@V12 NPs; therefore, this observation inspired us to
further fabricate Au@V12 NPs into the multilayer films based on
alternately electrostatic adsorption of oppositely charged species
by the LbL method.
3.3. Characterization of the multilayer films

3.3.1. UV–vis absorption spectra

UV–vis absorption spectra were applied to monitor the fabri-
cation process of the multilayer films. For comparison, two films
Fig. 13. XPS spectra for (a1) carbon, (a2) gold and (a3) tungsten of {PEI/Au@V12}7 film
containing Au@V12 NPs and V12 were prepared simultaneously at
the same experimental conditions. Fig. 12 depicts the UV–vis absorp-
tion spectra of two films containing six layers of {PEI/Au@V12}6 or
{PEI/V12}6 deposited onto quartz substrates. Compared with the
UV–vis absorption bands of V12 in water at ca. 265 nm, which
were derived from the intramolecular charge transition of V12, the
absorption bands of two films both exhibited a slight shift (from
265 to 268 nm for the {PEI/Au@V12}6 film and from 265 to 271 nm
for the {PEI/V12}6 film), indicating similar electronic structure of
V12 in two films. The different red shift of the absorption band
should be attributed to the electrostatic interaction of V12 with PEI
; and for (b1) carbon, (b2) vanadium and (b3) tungsten of the {PEI/V12}20 film.
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and the different environments around V12, which have been
observed in many films containing POMs [50].

In addition, for comparison, 265 and 558 nm for {PEI/Au@V12}6

film and 202 and 265 nm for {PEI/V12}6 film were chosen, res-
pectively, as the characteristic bands. As shown in insets in
Fig. 12, there are obvious linear relationships of the absorbencies
of characteristic bands versus the number of layers, indicating the
stable, uniform deposition in each dipping cycle for two films.

3.3.2. XPS measurements

XPS measurements were conducted to identify the elements
presented in the multilayer films of {PEI/Au@V12}7 and {PEI/V12}20.
As shown in Fig. 13, for {PEI/Au@V12}7 film two characteristic peaks
of Au0 4f (83.25 eV (7/2) and 86.9 eV (5/2)), C1s (284.7) and W 4f
(34.8 eV (7/2) and 36.9 eV (5/2)) were observed, respectively; for
{PEI/V12}20 film, the characteristic peaks of V 2p (514.4 VIV (3/2),
516.8 (VV, 3/2) and 523.7 eV (VV, 1/2)), C1s (285.3 eV) and W 4f
(35.3 eV (7/2) and 37.4 eV (5/2)) were found, respectively. These XPS
results further demonstrated that the presence of Au@V12 NPs, V12
and PEI in the multilayer films.

3.3.3. AFM measurements

AFM has been often used as an important tool for studying
the multilayer films to provide further detailed information
involving the surface morphology and homogeneity of the multi-
layer films. Fig. 14 displays AFM images of the multilayer films of
{PEI/Au@V12}6 (see Fig. 14a) and {PEI/V12}6 (see Fig. 14b) pre-
pared at the same experiment conditions with Au@V12 NPs and
V12 as the outermost layer, respectively. It could be clearly seen
that two multilayer films both exhibited the formation of numer-
ous domains with some roughness. These domains were consid-
ered as the aggregation of Au@V12 NPs and V12 polyanions on
the surface of the multilayer films.

Based on the AFM image of the multilayer films {PEI/Au@V12}6,
the multilayer films containing Au@V12 NPs showed the surface
height of ca. 20 nm and the size of nanoclusters diameter of ca.
150–300 nm with the average surface roughness (Ra) of 53.35 nm
and the largest roughness (Rz) of 119.90 nm. In comparison,
according to the AFM image of the multilayer films {PEI/V12}6,
the multilayer films containing V12 showed the surface height of
ca. 10 nm and the size of nanoclusters diameter of ca.100–200 nm
Fig. 14. AFM images of the multilayer films of (a) {PEI/Au@V12}6 with Au@V12 N
with the average surface roughness (Ra) of 28.00 nm and the
largest roughness (Rz) of 73.23 nm. The comparison of the AFM
images of two multilayer films indicated that the surface mor-
phology of the multilayer films {PEI/Au@V12}6 was significantly
different from that of the multilayer films {PEI/V12}6, namely,
the surface of {PEI/Au@V12}6 film was rougher than that of the
{PEI/V12}6 film. We thus conjectured that Au@V12 NPs could not
be closely packed on the multilayer films, because V12 polyanions
were distributed around the Au NPs to form Au@V12 NPs, resulting
in the larger size of Au@V12 NPs than that of V12.

3.3.4. Electrochemical behaviors of the multilayer films

The LbL assembly method based on the electrostatic attraction
between PEI and Au@V12 NPs or V12 was used to build up the
multilayer films by alternately dipping ITO-coated glass slide in PEI
and Au@V12 or V12 solutions, respectively. After each modifica-
tion, cyclic voltammetry was employed to characterize the increase
in quantity of modifiers loaded in the multilayer films. Fig. 15
shows the cyclic voltammograms (CVs) in pH 3 buffer solutions
(0.5 M Na2SO4+H2SO4) in the potential region of 1.0 to �0.6 V for
ITO/{PEI/Au@V12}5 multilayer films with Au@V12 as the outmost
layer and of 1.0 to �0.9 V for ITO/{PEI/V12}5 multilayer films with
V12 as the outmost layer at different layer numbers of 1–5,
respectively. It can be seen in Fig. 15 that the peak currents
increased with the increase of the number of {PEI/Au@V12}n and
{PEI/V12}n layers. For ITO/{PEI/Au@V12}5 multilayer films, taking
the first oxidation peak of the W centers as representative, the oxida-
tion peak current had a good linear relationship with the number of
layers, as shown in the inset of Fig. 15a. For ITO/{PEI/V12}5

multilayer films, taking the second redox peak of the W centers
as representative, the redox peak current showed a good linear
relationship with the number of layers, as shown in the inset of
Fig. 15b. The above results confirmed that the homogeneous
multilayer films containing Au@V12 or V12 have been fabricated
on ITO-coated glass slides.

3.3.5. Electrocatalytic activities of the multilayer films on the

reduction of dioxygen and the oxidation of methanol

The catalytic activities for the reduction of dioxygen and
the oxidation of methanol at Au@V12 NPs and V12 modified
ITO-coated glass electrodes were studied. As shown in Fig. 16a,
Ps as the outmost layer and (b) {PEI/V12}6 with V12 as the outermost layer.



Fig. 15. (a) CVs of {PEI/Au@V12}n multilayer films with n¼1–5 (from inside to outside) on an ITO-coated glass slide; (inset) linear dependence of the anodic peak currents

with the number of layers. (b) CVs of {PEI/V12}n multilayer films with n¼1–5 (from inside to outside) on an ITO-coated glass slide; (inset) linear dependence of the redox

peak currents with the number of layers. Supporting electrolyte: 0.5 M Na2SO4+H2SO4, pH¼3, scan rate: 20 mV s�1.

µ

Fig. 16. CVs of the multilayer films of {PEI/Au@V12}6 on an ITO-coated glass slide (a) in 0.5 M Na2SO4+H2SO4 buffer solution (pH 3) in the absence (black) and presence

(red) of O2; (b) in 1 M KCl solution (pH 7) in the absence (black) and presence (red) of methanol. Scan rate: 20 mV s�1. (For interpretation of the references to colour in this

figure, the reader is referred to the web version of this article.)

Fig. 17. CVs of the multilayer films of {PEI/V12}6 on an ITO-coated glass slide (a) in 0.5 M Na2SO4+H2SO4 buffer solution (pH 3) in the absence (black) and presence (red) of

O2; (b) in 1 M KCl solution (pH 7) in the absence (black) and presence (red) of methanol. Scan rate: 20 mV s�1. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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the red curve is the CV for dioxygen reduction in air-saturated
pH 3 buffer solution (0.5 M Na2SO4+H2SO4) at the ITO/{PEI/Au@V12}6

electrode, and the black curve was obtained in an N2-saturated
solution. It can be seen from Fig. 16a, a marked catalytic reduction
current occurred at the {PEI/Au@V12}6 multilayer films at �0.3 V,
however, same case could not be observed at the {PEI/V12}6

multilayer films adsorbed on an ITO-coated glass electrode (see
Fig. 17a) at the same experiment conditions, suggesting that the
Au@V12 NPs modified electrode had high catalytic activity for the
dioxygen reduction.

In addition, the Au@V12 NPs modified electrode also exhibited
an electrocatalytic activity towards the oxidation of methanol in
pH 7.0 KCl solution, as shown in Fig. 16b. It was clear that the
anodic current becomes substantially increased on the addition of
methanol. Apparently, the {PEI/Au@V12}6 multilayer films can
catalyze the electrochemical oxidation of methanol; in contrast,
the {PEI/V12}6 multilayer films did not show any catalytic activity
for the oxidation of methanol at the same experiment conditions
(see Fig. 17b).
4. Conclusions

In summary, we have prepared Au@V12 NPs by the redox
reaction of Au acid and V12 in water at room temperature
without any catalyst and selective etching agent, in which the
V12 acted as reductant and stabilizer. Such Au@V12 NPs dis-
played the negatively charged surface, which was proved by the
zeta potential analysis. Based on the LbL assembly, the Au@V12
NPs have been successfully incorporated into the multilayer films
of {PEI/Au@V12}n on the substrates. For comparison, the multi-
layer films of {PEI/V12}n were also prepared. The results indicated
the multilayer films of {PEI/Au@V12}6 possessed good electro-
catalytic activities toward the reduction of dioxygen and the
oxidation of methanol, while the multilayer films of {PEI/V12}6

did not work at the same experiment conditions. This study
presented here should be applicable to an extended combination
of functionalized metallic NPs and functional species for the
fabrication of the multifunctional thin-film materials. It is believed
that such hybrid thin-film systems may find potential applications
in nanotechnology and material science.
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