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abundant, clean, and renewable energy source, solar energy is
viewed as the promising energy supply in the 21st century.[1]
Moreover, hydrogen is proposed as an ideal energy carrier and
has attracted widespread attention throughout the world.[2]
During the past few years, great efforts have been made to
achieve hydrogen production with solar energy by using various strategies including solar-driven water splitting, photo-biological hydrogen production, and photocatalytic hydrogen production; however, the spectrum range of light able to be exploited to drive the photocatalytic reaction has been limited.[3]
Plasmonic-induced photocatalysis has been proposed to improve the efficiency of solar light absorption and solar energy
conversion.[4] So far, the most extensively studied plasmonic
nanostructures have been noble metals, such as Au and Ag,
with excellent optical properties related to their localized surface plasmon resonance (LSPR) in a wide spectrum range from
the visible-light region to the near infrared (NIR).[5] The LSPRs
of metal nanostructures arise from the collective oscillation of
the conduction electrons at the material surface, which holds
great potential for developing various photocatalytic hydrogen-producing systems including metal–semiconductor composites, bimetals, and carbon-supported metal catalysts.[6]
However, the earth rarity, high-cost, and inherent limitations
(e.g., the rapid oxidation of Ag) of noble-metal-based nanomaterials restrict their large-scale practical applications.[7]
Recently, there have been reports on nonmetallic nanostructures with LSPR properties, which brings new opportunities of
fabricating novel low-cost plasmonic photocatalysts.[8] For example, metal oxide semiconductors doped with heterovalent
atoms (In-doped CdO, Al-doped ZnO, and Sb-doped SnO2),[9]
Cu-deficient chalcogenides (Cu2xS, Cu2xSe, and Cu2xTe),[10]
and O-deficient transition-metal oxides (TiO2x, WO3x, and
MoO3x)[11] are known to exhibit strong LSPR absorbance and
their LSPR tunability can be achieved by altering the stoichiometric compositions or adjusting dopant concentrations. For
the fabrication of O-deficient metal oxides, hydrothermal reaction at high temperature and pressure are usually adopted, in
which reductants (e.g., ascorbic acid, oleylamine, or ethanol) or
inert gas (e.g., Ar) are always needed to prevent the complete
oxidation of transition metals and to endow the resultant
metal oxides with variable valence character. Clearly, a non-oxidative environment in the hydrothermal reaction is of vital importance for stabilizing the low-valent metal ions in the oxides

Abstract: A straightforward aqueous synthesis of MoO3x
nanoparticles at room temperature was developed by
using (NH4)6Mo7O24·4 H2O and MoCl5 as precursors in the
absence of reductants, inert gas, and organic solvents.
SEM and TEM images indicate the as-prepared products
are nanoparticles with diameters of 90–180 nm. The diffuse reflectance UV-visible-near-IR spectra of the samples
indicate localized surface plasmon resonance (LSPR) properties generated by the introduction of oxygen vacancies.
Owing to its strong plasmonic absorption in the visiblelight and near-infrared region, such nanostructures exhibit
an enhancement of activity toward visible-light catalytic
hydrogen generation. MoO3x nanoparticles synthesized
with a molar ratio of MoVI/MoV 1:1 show the highest yield
of H2 evolution. The cycling catalytic performance has
been investigated to indicate the structural and chemical
stability of the as-prepared plasmonic MoO3x nanoparticles, which reveals its potential application in visible-light
catalytic hydrogen production.
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that increases the complexity and uncontrollability of the synthetic process.
In this work, we present a straightforward aqueous synthesis
of MoO3x nanoparticles under non-heating conditions by
using (NH4)6Mo7O24·4 H2O and MoCl5 as precursors in the absence of reductants, inert gas, and organic solvents. The obtained MoO3x-Y (Y represents the MoVI/MoV molar ratio) nanostructures exhibit a strong LSPR response under visible-light irradiation. The morphology evolution and the LSPR tunability
of the molybdenum oxide nanostructures were investigated
with the change of molar ratio between MoVI from
(NH4)6Mo7O24·4 H2O and MoV from MoCl5. Moreover, we found
that the obtained MoO3x-Y exhibited high activity for hydrogen evolution from ammonia borane (NH3BH3) under visiblelight irradiation. Owing to the low-cost, easy operation of this
method, and excellent photocatalytic activity of the resultant
nanomaterials, the photocatalytic system shown in this work
would be applicable for solar-light-driven hydrogen production.
The MoO3x-Y nanoparticles were prepared at room temperature by mixing two kinds of molybdenum salts with different
valence states of Mo and then stirring for 48 hours in aqueous
solution (see the Supporting Information). The obtained
MoO3x-50 product exhibits a deep blue color that is clearly
different from the white MoO3 (Figure 1a). The coloration of

croscopy (TEM) images of the as-prepared MoO3x-50 indicate
the product is in the shape of nanoparticles with diameters of
90–180 nm (Figure 1c and d). The formation of MoO3x-Y nanoparticles could be attributed to the strong interaction between
the dissoluble MoVI and MoV species in strongly acidic medium
(see the Supporting Information). Thermogravimetric analysis
of MoO3x-50 indicated that the product is partially hydroxylated, but could be strongly considered as a molybdenum oxide
compound (see the Supporting Information).
Figure 2a shows the diffuse reflectance UV-visible-NIR spectra of the as-prepared MoO3x-50 and commercial MoO3. Both
samples have signal responses in the UV region (200–450 nm),
which is determined by the bandgap of MoO3 (ca. 3.1 eV). The

Figure 2. a) UV/Vis-NIR diffuse reflectance spectra of the MoO3x-50 sample
and commercial MoO3. b) The LSPR wavelength of the products prepared by
using different ratios of MoVI/MoV in the synthesis.

MoO3x-50 sample displays a broad absorption over the entire
visible-NIR wavelength range and its absorption peak is centered at 682 nm, showing a dramatic difference compared
with that of MoO3. It should be due to the new vacancy band
located below the conduction-band edge of pure MoO3 created by the introduction of oxygen vacancies, as is the case with
O-deficient WO3x and TiO2x.[11a, b]
The influence of the MoVI/MoV ratio on the nanostructure
and plasmonic resonances of the MoO3x-Y samples were studied (see the Supporting Information). All the MoO3x-Y samples
with different MoVI/MoV ratios exhibit similar diffraction characteristics in the XRD patterns, which is indicative of the presence of a disordered amorphous phase in the samples (see the
Supporting Information). MoO3x-50 and MoO3x-60 are more
deeply colored than MoO3x-20 and MoO3x-40. FE-SEM observation indicates that they have granular structures with diameters of 90–200 nm except for MoO3x-60 that had a bulk morphology (see the Supporting Information). Moreover, the average particle size of the MoO3x-Y samples tends to decrease in
the order of MoO3x-20 > MoO3x-40 > MoO3x-50 and this feature of the particle size change was clearly confirmed by the
particle-size distribution measurements, as shown in the Supporting Information. According to this trend, the smallest
nanoparticles should be observed for MoO3x-60; however,
only bulk structures appeared in its SEM image (in the Supporting Information), which indicate its particles are too small
to prevent aggregation arising from their high surface-to-

Figure 1. a) A photograph of the prepared MoO3x-50 and the commercial
MoO3 dispersed in ethanol. b) XRD pattern of MoO3x-50. c) FE-SEM and d)
TEM images of MoO3x-50.

MoO3x-Y is mainly due to the presence of oxygen vacancies,
which are associated with the coexistence of MoV and MoVI in
the O-deficient oxides.[11c, d] The prepared blue samples are very
stable in air and their original color does not fade away over
several months. Figure 1b shows the XRD pattern of MoO3x50. The product is mainly amorphous, which is associated with
the room-temperature preparation of the nanoparticles, excluding the possibility of the formation of crystalline molybdenum oxides such as MoO3 and Mo2O5. Field-emission scanning
electron microscopy (FE-SEM) and transmission electron mi&
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volume ratio.[12a] The bulk structures of MoO3x-60 can be considered as aggregates of small particles strongly joined together.[12b] The UV-visible diffraction spectra of MoO3x-Y (Supporting Information) show that all the MoO3x-Y samples have absorptions up to approximately 400 nm, consistent with the
bandgap absorption edge of MoO3 at approximately 3.1 eV.
Moreover, the corresponding LSPR wavelength of MoO3x-Y
samples is blueshifted from 889 to 634 nm with an increase of
the amount of MoVI added during their preparation process,
which follows the order of MoO3x-20 > MoO3x-40 > MoO3x50 > MoO3x-60 (Figure 2b).
To clarify the molybdenum oxidation state and stoichiometry
of MoO3x-Y, the samples were characterized by using X-ray
photoelectron spectroscopy (XPS). Figure 3a shows the highresolution Mo 3d XPS spectra of MoO3x-50 and the commercial MoO3 sample. For the commercial MoO3 sample, two

tion, the Fourier transform curves of the k3-weighted extended
X-ray absorption fine structure (EXAFS) of the studied samples
are shown in Figure 3b and in the Supporting Information. The
peaks near 1.5  are due to the MoO bond in the molybdenum oxides[11c] and the obtained MoO distance of MoO3x-50
(1.56 ) is longer than that of MoO2 (1.47 ) but shorter than
that of MoO3 (1.78 ) (Figure 3b), which indicates the existence
of low-valence Mo species. Similarly, the MoO distances of
other MoO3x-Y (Y = 20, 40 and 60) samples are also in the
range of 1.47–1.78  (see the Supporting Information).
To investigate the catalytic activities of the MoO3x-Y nanoparticles prepared with different ratios of MoVI/MoV, we conducted hydrogen production through the dehydrogenation of
ammonia borane (NH3BH3) catalyzed by the MoO3x-Y samples.
The dehydrogenation of ammonia borane to produce H2 can
be described by Equation (1):

H3 NBH3 þ 2 H2 O ! 3 H2 þ NH4 þ þ BO2 

NH3BH3 is of great interest for hydrogen storage because of its
lightweight, room-temperature stability, and high storage capability, thus the NH3BH3 hydrolysis is a promising method for
releasing H2.[14] In this work, all the catalytic reactions were
conducted under an Ar atmosphere at room temperature
(25 8C) and similar conditions were utilized. The added
amounts of NH3BH3, H2O, and MoO3x-Y were fixed to 20 mmol,
5 mL, and 20 mg in the photocatalytic reactions, respectively.
No catalytic activity was observed in the blank test, even
under visible-light irradiation, which shows the inherent stability of NH3BH3 in water. The catalytic performance of the different samples was first measured in the dark. Both of the MoO3
and MoO3x-50 catalysts exhibited H2 production activity from
aqueous NH3BH3 under the dark conditions (Figure 4a). After
reacting for 70 minutes in the dark, about 41.2 mmol of H2 was
generated over the MoO3x-50 sample, whose initial reaction
rate (H2 yield in initial 10 min: 2.10 mmol min1) was faster than
that of commercial MoO3 (0.74 mmol min1). Under visible-light
irradiation (l > 420 nm), the hydrogen evolution of MoO3x-50

Figure 3. a) Mo 3d XPS spectra of the as-prepared MoO3x-50 and commercial MoO3 samples. b) FT-EXAFS spectra for the MoO3x-50 and the Mo oxide
references (commercial MoO3 and MoO2).

peaks at the binding energies of 232.6 and 235.7 eV were attributed to the 3d5/2 and 3d3/2 of Mo6 + , respectively.[13] In the
case of MoO3x-50, the binding energy of Mo 3d5/2 and Mo 3d3/
2 can be observed at 232.4 and 235.3 eV, respectively, showing
a shift to lower binding energies compared with that of MoO3.
These two peaks can be fitted into two sets of peaks, which indicate the appearance of the Mo5 + oxidation state in MoO3x50. The peaks at 232.6 and 235.7 eV were ascribed to Mo6 + ,
while those centered at 231.7 and 234.9 eV were assigned to
Mo5 + ions.[13] By calculating the ratio of the peak area between
Mo6 + and Mo5 + , these two kinds of cations account for 60.1
and 39.9 % of the total Mo atoms in the MoO3x-50 nanoparticles, respectively. Therefore, the average oxidation state of Mo
is about 5.60, further confirming the existence of oxygen vacancies that lead to plasmon absorption in the visible and NIR
region. Moreover, the intensities of the Mo5 + peaks become
stronger with the increase of the amount of MoV added during
preparation processes, and the total valence state of Mo in the
samples increases in the order of MoO3x-20 < MoO3x-40 <
MoO3x-50 < MoO3x-60 (see the Supporting Information). This
indicates that the chemical composition of the obtained samples can be tailored by adjusting the ratio MoVI/MoV. In addiChem. Asian J. 2016, 00, 0 – 0
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Figure 4. Hydrogen generation from aqueous NH3BH3 solution in the presence of different molybdenum oxide photocatalysts a) in the dark and
b) under visible-light irradiation.
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was finished in 45 minutes and its H2 yield reached a maximum
(50.8 mmol), as shown in Figure 4b. Therefore, the catalytic activity of MoO3x-50 was enhanced owing to the strong LSPRs
absorption of MoO3x-Y nanoparticles in the visible-light and
NIR region. Moreover, the initial hydrogen evolution rate of
MoO3x-50 nanoparticles can reach 2.49 mmol min1, which is
about 2.9-fold higher than that of MoO3 with a photocatalytic
H2-production rate of 0.87 mmol min1. A detailed representation of the initial reaction rate and H2 yield of all the catalysts
is summarized in the Supporting Information. Under visiblelight irradiation (l > 420 nm), the initial H2 generation rates
from NH3BH3 are in the order of MoO3x-50 > MoO3x-20 >
MoO3x-40 > MoO3x-60 > MoO3. Among the studied MoO3x-Y
samples, MoO3x-50 showed the highest H2 evolution yield,
whereas MoO3x-60 showed the shortest reaction completion
time (40 min). An additional large-scale experiment demonstrated that the turn-over number (TON) exceeds 3.5 (see the
Supporting Information), which provides evidence that
MoO3x-50 works as a catalyst. To the best of our knowledge,
the present work reports for the first time on the room-temperature synthesis of plasmonic semiconductor materials with
enhanced visible-light catalytic activities for hydrogen generation from NH3BH3 hydrolysis.
During the H2 generation process, photoexcitation can
create thermal energy and the water temperature was found
to increase from 25 to 40 8C. To determine the influence of the
photothermal effect on H2 generation, the H2-generation experiment was carried out at 40 8C in the dark (see the Supporting Information). The initial H2 generation rate was found to
be 2.10 mmol min1, which was increased slightly relative to the
yield at room temperature (25 8C, 2.20 mmol min1). Compared
with the initial rate under visible-light irradiation (2.49 mmol
min1), thermal catalysis has a limited effect on H2-generation
enhancement (ca. 24.6 %), which indicates the critical role of
LSPR excitation from MoO3x-Y nanoparticles.
To explore the wavelength dependence of the photocatalytic enhancement, several control experiments were carried out
by using monochromatic light (l = 440 or 480 nm) and a red
light-emitting diode (LED) lamp (l = 627 nm) as light sources
(see the Supporting Information). The initial H2-generation rate
increases with the wavelength increase of the incident light
and the light with 627 nm wavelength exhibits the most effective photocatalytic effect among all these three cases, which is
consistent with the light absorption of MoO3x-50 in the visible-light region. It suggests that the enhancement of H2 generation mainly originates from the plasmonic properties of
MoO3x-Y nanoparticles.[15, 16]
To provide more evidence that the H2 production is enhanced by the LSPR adsorption of MoO3x-Y nanoparticles,
NaHCO3 was introduced as a positive-charge scavenger into
the H2-generating system during the catalytic reactions. Under
visible-light irradiation (l > 420 nm), charge separation can be
initiated by the LSPR plasma oscillation of MoO3x-Y nanoparticles. The HCO3 ions can adsorb on the catalyst surface and
react with positive charges generated on the plasmonic catalyst, so the H2-generation enhancement is markedly depressed
in the presence of NaHCO3.[17] Moreover, the H2-generation ac&
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tivity is reduced more significantly under light irradiation than
the case of H2 generated in the dark (see the Supporting Information), which indicates that the plasmon-induced charge separation and the activation of NH3BH3 are significantly inhibited.
Besides the photocatalytic activity, the catalyst stability is also
important. The cycling catalytic performance of MoO3x-50 has
been investigated to check its stability. As shown in the Supporting Information, a slight activity decrease was observed
during three successive cycles. However, XRD patterns and UVvisible-NIR diffuse reflectance spectra of MoO3x-50 before and
after the cyclic stability tests show similar results. This indicates
the structural and chemical stability of the as-prepared
MoO3x-Y nanoparticles, which suggests its potential application in visible-light catalytic hydrogen production.
In conclusion, the MoO3x nanoparticles were prepared at
room temperature, and exhibited strong plasmonic absorption
in the visible light and near-infrared regions. The catalytic results indicate that such MoO3x structures can enhance visiblelight-induced H2 production from NH3BH3 hydrolysis due to its
LSPR properties. The present study provides a useful and convenient strategy for the fabrication of plasmonic semiconductor materials for practical solar energy utilization and LSPR-enhanced hydrogen production.
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Bright idea: Plasmonic MoO3x nanoparticles were fabricated at room temperature without the use of reductants.
The obtained MoO3x exhibited enhanced visible-light catalytic activity
toward hydrogen generation from ammonia borane (see figure).
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