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Hybrid metal/semiconductor nanostructures have been

synthesized by an general in-situ reaction between weakly
reductive metal oxides and oxidative metal precursors
without foreign reducing agents and stabilizing agents. The
hybrid materials exhibit excellent activity for photocatalytic
generation of benzyl compounds.

Metal nanoparticles of various sizes and morphologies have
many areas of application, including catalysis?, chemical
sensing3, biolabelling4’5, electronics®, and surface enhanced
Raman spectrum’. For example, Metal catalysts with finite
nanoparticle size have been found to be very active for specific
reactions in dark conditions such as CO oxidation.*’ Their
preparation often involves colloidal sols with a well-defined
particle size distribution, in which the nanoparticles are
stabilized in solution by the adhesion of specific surfactant or
ligand molecules, which ensure that the nanoparticles cannot
coalesce.'” The stabilized nanoparticles are then typically
deposited onto a solid surface to enable them to have utility in a
chosen application."'

Recently, metal nanoparticles as important co-catalysts, have
been intensively investigated in semiconductor photocatalysis,
such as hydrogen generation, reduction of carbon dioxide, dye
degradation, and organic synthesis.'”*'” The photocatalytic
process involves excitation of a semiconductor with photons of
equal or higher energy than the band gap energy producing
electron—hole pairs. These pairs either recombine or react with
adsorbed species. An effective photocatalyst is one that can use
these electrons and holes efficiently.'® The presence of metal
nanoparticles not only can trap the photo-excited electrons from
the conduction band and transfer them to the adsorbed
species,'®?® but also can dramatically improve light harvest
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attributed to the well-known localized surface plasmon
resonance (LSPR) effect.’’ The presence of an obstacle on the
interface, such as surfactants and polymers, will seriously
hinder the direct charge transfer or dramatically decrease the
intensity of LSPR-induced electromagnetic field close to
semiconductor, as this field decays exponentially with
distance.”?To date, thoroughly removal of these stabilizing
molecules has been achieved only by using thermal and
oxidative methods.”> Such methods inevitably lead to
significant morphology changes and size increasing of the
hybrid materials, in turn altering their catalytic activity.**

Alternatively, if metal nanoparticles could be directly grown
over a semiconductor substrate through an in-situ growth
procedure without any foreign reducing agents and stabilizing
molecules, the catalytic activity of the resulting hybrid
nanostructures would be significantly enhanced. Herein, we
report a novel, simple, and clean method for the direct growth
of noble metal (Ag, Au, Pt, Pd) nanoparticles on metal oxide
(MoO;, V,0s, TiO;) nanostructures through an in-situ
oxidation-reduction reaction between weakly reductive non-
stoichiometric metal oxides (MoOs;,, V,Os,, TiO,,) and
oxidative noble-metal precursors (AgNO;, HAuCl,, H,PtCl,
PdCl,) in aqueous solution at room temperature. No foreign
reducing agents or stabilizing agents are required, avoiding the
introduction of impurities and ensuring that the
metal/semiconductor interfaces are clean. Furthermore,
compared with only UV-active pure MoQO;, these hybrid
metal/MoO3;  nanobelts  exhibit excellent visible-light
photocatalytic activity and very high stability for degradation of
a three kinds of azo dyes and photocatalytic synthesis of five
kinds of benzyl compounds. We believe that this approach can
be extended to the synthesis of other metal/semiconductor
hybrid materials.
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Fig. 1 Schematic Procedure for in-Situ Loading of Metal nanoparticles on MoOs
nanobelts.

We use synthesis of metal/MoO; nanostructures as an
example to illustrate this novel method. The general pathway
used to in-situ fabricate metal/MoO; hybrid nanobelts is shown
in Fig. 1. Our inspiration raise from the following idea: for
most types of transition metal oxides, their low valence state or
nonstoichiometric species often have strong or weak reducing
power due to the presence of oxygen vacancies. Therefore, we
could first synthesize a low-valence-state or nonstoichiometric
species of a metal oxide with a desirable morphology. The
reductive metal oxide nanostructures with large quantity of
oxygen vacancies could then react with the oxidative noble-
metal precursors in aqueous solution. In the present case,
metal/MoQO; hybrid nanostructures were prepared in two steps:
(1) H;MoO, was first used to synthesize the MoO;_, nanobelts
by a surfactant-free hydrothermal method, which has a reducing
ability attributed to the large quantity of oxygen vacancies; (2)
the as-synthesized MoO;,, nanobelts and noble metal
precursors (AgNO;, HAuCl,, H,PtCls, PdCl,) were then mixed
in aqueous solution at room temperature. Once the metal ions
come into contact with the reductive MoO;_, nanobelts, they are
immediately reduced and nucleated rapidly on substrate,
growing into clusters and further into nanoparticles.
Meanwhile, the MoOj_, support was oxidized by the metal ions
and converted into  MoO;, resulting metal/MoO;
nanocomposites. Compared with previously reported in-situ
thermal decomposition method (330 °C) for the synthesis of
Ag/MoO; nanorods,” the present room-temperature solution
method obviously having more maneuverability and
controllability.

Early, Lou et al. created a serious of solution-phase method
for the synthesis of orthorhombic MoO; nanorods and
nanobelts.’*?® Here, the reductive MoOs., nanobelts were
prepared by hydrolyzing molybdic acid (H,MoQ,) in acidic
aqueous solution followed by hydrothermal treatment (see
experimental section, ESI). Unlike white MoO;, the obtained

Fig. 2 (a,b) SEM images of the MoOs, products. (c) TEM image of the MoOs., nanobelts.
(d) HRTEM image and corresponding FFT pattern (inset) of the MoOs, nanobelts.
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MoO;_, products display vivid blue color (Fig. Sla, ESIY),
which were quite stable in air and could maintain the blue color
for several months. It has been well explained that many blue
color of transition metal oxides results from the characteristic
outer d-orbit electrons, including oxygen vacancy-rich WO;_,
nanowires® and TiO,._, nanocrystals.30

A typical X-ray powder diffraction (XRD) pattern recorded
from the blue sample is shown in Fig. Fig. S1b, ESI}. All of the
diffraction peaks can be indexed to the orthorhombic phase
molybdenum oxide (JCPDS No. 5-0508). This compound is
crystallized in a layered structure composed of MoOg octahedra
by sharing edges and corners (inset in Fig. 2b). No crystalline
impurity peaks can be detected from the XRD pattern. The
scanning electron microscopy (SEM) image shows that the as-
synthesized MoO;,, presents a well-defined belt-like
nanostructure (Fig. 2a). The nanobelts are 400—900 nm in width
and tens of micrometers in length. High-magnification SEM
image (Fig. 2b) reveals that the thickness of the belts is about
20 nm. Transmission electron microscopy (TEM) image further
confirms the products in the shape of nanobelts (Fig. 2c). High
resolution Transmission electron microscopy (HRTEM) image
(Fig. 2d) and the corresponding FFT pattern (inset in Fig. 2d)
confirm the nanobelts grown along the [001] direction. Energy-
dispersive X-ray spectroscopy (EDS) confirms that the sample
contains only the elements Mo and O (Fig. S2, ESIf). In
addition, the Fourier transform IR (FTIR) spectrum exhibits no
organics coated on the surface of the MoO;_, nanobelts (Fig. S3,

ESIt).
To elucidate the oxidation state of Mo in the blue MoOj;_
nanobelts, X-ray  photoelectron  spectroscopy  (XPS)

measurements were carried out. Fig. S4 in ESI{ displays the
Mo 3d XPS core spectra of the as-prepared blue MoOj;.
nanobelts and commercial MoOj; powders. As can be seen, only
Mo®" exists in the commercial MoOs, whereas both Mo®" and
Mo’" are present in the MoO5_, nanobelts. For the commercial
MoO;, two peaks (232.9 and 236.1 eV) are attributed to the
3d5/2 and 3d3/2 of Mo®", respectively.’! As for the blue MoOx_,,
the peaks of Mo 3d5/2 and 3d3/2 shift to lower binding
energies, and both of them can be divided into two separate
peaks. The peaks at 232.9 and 236.1 eV correspond to Mo®",
and those centered at 231.9 and 234.9 eV are assigned to Mo>"

According to the XPS peak area of Mo 3d, the Mo®" and Mo™"
cations account for 69.1% and 30.9% of the total Mo states,
respectively, in the blue MoOs;, nanobelts. The average
oxidation state of Mo is thus determined to be 5.68, which is
manifestly the mixed-valence state arising from the oxygen
vacancies. The XPS characterization clearly demonstrated that
a large quantity of oxygen-vacancy defects contains in the blue
MoOs;_, nanobelts.

The as-synthesized MoOj;., nanobelts were then reacted
with noble metal precursors in aqueous solution at room
temperature. As reduction reaction active sites, the contained
oxygen vacancies were uniformly distributed in the surface and
interior of the MoOj;_, nanobelts, and therefore, we can expect
that the produced metal nanoparticles are also uniformly
distributed on the surface of the whole nanobelts. Fig. 3a-c
shows representative SEM and TEM images of the as-
synthesized MoO; nanobelts loaded with 6.3 mol% of Ag
nanoparticles. The molar percentage of the loaded metal
nanoparticles, which refers to the amount added during
preparation, is defined relative to the number of moles of Mo.
The SEM and TEM images clearly display that the Ag
nanoparticles are homogeneously distributed in the whole
MoOj; nanobelt substrate, and their sizes are in the range of 2—5

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 SEM (a,b), TEM (c,d), and HAADF-STEM (e) images of the obtained Ag/MoOs
nanobelts. (f) HRTEM images and corresponding FFT pattern of the Ag nanoparticles.

nm according to the high-magnification TEM image (Fig. 3d).
The high-angle annular dark-field scanning TEM (HAADF-
STEM) image (Fig. 3e) also clearly shows the as-obtained
Ag/MoO; hybrid nanobelts (the brighter contrast demonstrates
Ag). The crystalline nature of the loaded Ag nanoparticles is
corroborated by the HRTEM image (Fig. 3f) and corresponding
FFT pattern (inset in Fig. 3f). The EDS mapping results (Fig.
S5, ESIf) further confirm the composition of an individual
Ag/MoOj; hybrid nanobelt.

We also prepared Au/MoO;, Pt/MoO;, and Pd/MoOj; hybrid
nanobelts using the in-situ growth method described above.
TEM images of these samples (Fig. 4a-f) show that the surfaces
of MoOj; nanobelts are decorated with numerous nanoparticles
having an ultrathin size and a very narrow size distribution. The
EDS spectra shown in Fig. S6 confirm that the samples contain
only Mo, O, and the corresponding metal elements. The as-
synthesized hybrid composites can be easily isolated and re-
dispersed in appropriate solvents such as water and ethanol for
applications.

Furthermore, we also prepared well-defined Ag/V,Os
hybrid nanowires (Fig. 4g) and Ag/TiO, nanoplates (Fig. 4h) by
using V,0s_, nanowires and TiO,_, nanoplates as the reductive
precursors, respectively. Similar to the hybrid Ag/MoO;
nanobelts, for the hybrid V,Os, nanowires and TiO,
nanoplates, the metal nanoparticles also very uniformly covered
in the nanowires and nanoplates. HRTEM images demonstrated
that the Ag nanoparticles are high crystalline. The results
showed that noble metal nanoparticles can be generally grown
on different semiconductor supports with different
morphologies by this oxygen-vacancy-induced in-situ redox
route.

Surprisingly, we noted that the widths of the obtained
metal/MoQO; nanobelts range from 30 nm to 80 nm, which are
very smaller than those of the original MoOj;_, nanobelts (400-
900 nm). What happened during the metal nanoparticles
loading process? To answer this question, we have

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 SEM and HRTEM images of the obtained (a,b) Au/Mo0s, (c,d) Pt/MoQs, and (e,f)
Pd/Mo0s. (g) TEM and HRTEM (inset) images of the obtained Ag/V,0s nanowires. (h)
TEM and HRTEM (inset) images of the obtained Ag/TiO, nanoplates. The results
indicates the generality of the in-situ-growth protocol in generating
metal/semiconductor hybrid nanostructures.

systematically surveyed the growth process of the Ag/MoO;
nanostructures by analyzing samples at different growth stages.
Fig. S7 in ESI} shows the SEM images of four samples taken at
different stages of the reaction: a) 0, b) 6 h, c¢) 12, and d) 24 h.
These images clearly exhibit the evolution of Ag/MoOj; hybrid
nanobelts from wide to thin over time in aqueous solution. The
detailed growth process of the Ag/MoOj; nanobelts may be
described as follows. After 6 h reaction, a large amount of Ag
nanoparticles was generated in the nanobelt supports (Fig. S7b);
at the same time, many small cracks appeared in the nanobelts
(marked with arrows in Fig. S7b). After 12 h reaction, these
cracks become more apparent, and some thin Ag/MoO;
nanobelts have completely split off from the original nanobelts
(Fig. S7c¢). Finally, after 24 h reaction, the original MoO;_
nanobelts completely transformed into thin Ag/MoOj3 nanobelts
(Fig. S7d). Interestingly, it is easy to be noted that all of the
cracks were formed along the [010] direction. It is well-known
that orthorhombic molybdenum oxide has a unique layered
structure (Fig. S7e), in which distorted MoOg octahedra share
four corners to form a plane and two planes join together by
sharing octahedral edges to form a single layer. The layers
stack up along the [010] direction by van der Waals forces. Due
to the weak interaction of van der Waals forces, the layers are
easy to be separated along the [010] direction when the
chemical environment changes. Therefore, the wide nanobelts

J. Name., 2012, 00, 1-3 | 3
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separated into thin nanobelts along the direction of weakest
intermediate force when they reacted with noble metal
precursors. Furthermore, when a larger amount of AgNO; was
added into the reaction system, a lot of Ag/MoO; nanowires
were obtained, which indicate that the size of the final products
can be conveniently controlled by adjusting the precursor
concentrations (Figure S8). From the view point of catalysis,
the transformation from large size to small size is favorable
since their surface areas are greatly increased. This conversion
process was illustrated in Fig. S7f.

XPS measurements were then performed to determine
thechemical states as-synthesized Ag/MoO; hybrids. The
survey XPS of the hybrids (Fig. S9a) clearly indicates the
presence of Ag and Mo. As can be seen from the Ag XPS
spectrum (Fig. S9b), the peaks at 374.6 and 368.5 eV are
attributed to the 3d3/2 and 3d5/2 binding energies of zerovalent
state of metallic Ag, respectively. We compared the XPS
spectra of the Ag/MoO; hybrids and the original MoO;_,
nanobelts, two peaks can be identified from the Ols core level
spectra shown in Fig. S9c: one peak at 530.1 eV is deemed as
the oxygen bond of Mo-O-Mo, while the other located at 531.7
ev can be attributed to the O-atoms in the vicinity of an O-
vacancy. However, their peak area of 531.7 ev is different,
which indicates that the Ag/MoO; nanobelts possess much less
O-vacancies compared with the original blue MoO;_, nanobelts.
Moreover, only Mo®" was observed in the Ag/MoOj; nanobelt,
while a large number Mo>" was observed in the MoOs.,
nanobelts (Fig. S9d). The changes in valences of the
molybdenum oxide nanobelts before and after the metal loading
clearly demonstrated that the Vo-rich MoO;_, nanobelts was
oxidized by the oxidative Ag" ions and converted into MoOj
nanobelts, while the Ag' ions was reduced into Ag
nanoparticels by the reductive Vo-rich MoOs;_, nanobelts.

Fig. S10 gives the UV—Vis-NIR absorption spectra of the
Au/MoO; nanobelts, Ag/MoO; nanobelts, and MoO;,
nanobelts. Compared with the MoO;_, nanobelts, the hybrid
nanobelts exhibit greatly enhanced absorption from visible to
NIR region, which demonstrated that the metal nanoparticles
loaded MoOj; hybrid nanobelts possess strong LSPR effect.
Furthermore, the absorption peak of the metal/MoO; hybrid
nanobelts synthesized by the in-situ growing method is much
stronger than that of the metal/semiconductor materials
obtained by the traditional synthetic route (Fig. Slla). Fig.
S11b shows the TEM image of the Au/MoO; obtained the
traditional immobilization-high temperature oxidation method.
From this image, we can see that the size distribution of the Au
nanoparticles is broad, from 2-3 nm to 20 nm. Some groups
reported that the narrow particle size distribution is contribute
to the formation of narrow and strong absorption peaks.****

The use of visible light in photochemical synthesis is
fundamentally challenging because organic molecules tend not
to interact with the wavelengths of visible light that are most
strongly emitted in the solar spectrum. Benzyl compounds are
important organic intermediates, and widely used in the
production of medicines, liquid crystals, and insecticides.
Currently, the synthesis of benzyl compounds is often
conducted at high temperatures. LSPR effects often give rise to
unexpected results in photochemical reactions.*** For example,
Wang group reported that metal/semiconductor hybrids display
novel photocatalytic properties.®> We investigated the
photocatalytic activity of the Ag/MoOj3 nanobelts in the carbon-
nitrogen coupling reaction for the synthesis of benzalaniline
compounds, the simplest and most important benzyl aromatic
amine, under visible light irradiation. As expected, we were

4| J. Name., 2012, 00, 1-3

pleasant to find that the Ag/MoO; nanobelts achieved highly
efficient benzalaniline production according to reaction (shown
in Fig. 5) with visible light illumination (A > 420 nm). The
color of the reaction mixture changed into crimson from the
original colorless (Fig. S12, ESI"). When 20 mg catalyst was
added into the reaction cell, the average formation rate of
benzalaniline is about 112 umol h' g (Fig. 5). Besides
benzalaniline, only 4% (molar ratio) of other hydrocarbons
(such as aromatic azo and acetone) were produced, which
suggests that the selectivity of this coupling reaction is very
high. After 40 h reaction, the yield of benzalaniline is up to
95%.

Due to the wide light absorption of the plasmonic Ag/MoOj3;
nanobelts, the temperature of the reaction mixtures was found
to rise to 50 °C under light irradiation. To distinguish the
contribution of this thermal effect, a comparative experiment at
50 °C was carried out with Ag/MoO; nanobelts in the dark. The
average benzalaniline yield rate in the dark at 50 °C was 22
umol h™' g, which was a little higher than the production at
room temperature (25 °C, 8 umol h™' g') and much lower than
that under light irradiation (112 pmol h™' g™). Furthermore,
when catalyst was not added, no benzalaniline was obtained
from the reaction system under visible light irradiation. So, the
benzalaniline generation enhancement upon light irradiation is
predominantly due to the plasmonic photocatalysis of the
hybrid photocatalysts, and photothermal effect only accounts
for a small portion. More important, the new photocatalysts
also showed high conversion activities in the highly selective
preparation of other more complex benzyl compounds from the
corresponding aniline compounds and toluene (see Table 1).

The photocatalytic activities of the as-synthesized
metal/MoO; samples were also evaluated for degradation of
rhodamine B (RhB) under visible-light irradiation (A > 420 nm),
and the results were compared with RhB photolysis (without
photocatalyst) and with those obtained over commercial MoO;
and TiO, (P25) (Fig. S13). Within 60 min of visible-light
irradiation, the percentages of RhB degraded by commercial
MoO; and P25 were only 1.5 and 9.1 %, respectively.
Significantly larger percentages of RhB were degraded with the
Ag/MoO;, Au/Mo0O;, and Pt/MoO; samples. More importantly,
the metal/MoOj; nanobelts obtained by the room temperature in-
situ method show better photocatalytic efficiency compared
with that of Au/MoO; obtained by the traditional
immobilization-high temperature oxidation method. In addition,
for the degradation of methyl orange (MO) and methylene blue
(MB), the hybrid materials also showed enhanced visible-light
activities. It was observed that the photolysis of RhB under
visible-light irradiation was very slow and that RhB cannot be
degraded under dark conditions in the presence of the
photocatalysts, confirming that the photocatalytic activity
indeed originates from the metal/MoO; hybrid materials. The
enhanced visible-light photocatalytic efficiency may be
attributed to the stronger LSPR effect of the metal/MoOj; hybrid
materials (Fig. S10-11).'* However, the enhanced visible-light
photocatalytic properties of Pt/MoO; might not result from the
SPR effect because no SPR band was found in Pt nanoparticles.
From Figure S10 we can see that the MoOs_, nanobelts show a
obvious visible absorption due to the oxygen vacancies.
Therefore, the enhanced photocatalytic activities of Pt/MoO;
probably result from the visible absorption of the nanobelt itself.
At the same time, the high electron conductivity of the metal
nanoparticles also helps to improve the photogenerated
electron/hole separation process.>’

This journal is © The Royal Society of Chemistry 2012
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In addition to efficiency, stability and recyclability of
photocatalysts are also important for applications. After the
RhB molecules are completely decomposed, centrifuging the
solution enables the hybrid catalysts to be easily collected to
catalyze a new reaction. Fig. S14 plots the kinetic curves for
degradation of RhB solution with the use of the same
experimental conditions. The Ag/MoO; photocatalyst can be
effectively recycled at least five times without an apparent
decrease in its photocatalytic activity, which demonstrates its
high stability. Furthermore, the SEM and TEM images (Fig.
S15) demonstrated that the morphology and crystalline phase of
the sample after the photocatalytic reaction were not changed,
which indicated its high stability.
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Fig. 5 Time courses of benzalaniline production over the Ag/MoO; nanobelts with
different reaction conditions.

Table 1: Photocatalytic Coupling of aniline compounds and
toluene in the presence of Ag/MoQO; nanobelts.
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Conclusions

In summary, we have developed a facile and general method
for direct growth of metal particles on metal oxides. Through

This journal is © The Royal Society of Chemistry 2012
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an in situ redox reaction between the weakly reductive support
and oxidative metal precursors, a series of metal/semiconductor
nanocomposites with uniform metal dispersion were obtained.
We anticipate that by careful manipulation, this type of room-
temperature in-situ growth process can be both a general and
highly effective method for improving the surface accessibility
of nanoparticles without compromising their deliberately
engineered size distribution or morphological characteristics.
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We report a facile method for direct growth of noble-metal nanoparticles on
semiconductor nanostructures through an in-situ redox reaction.



