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A
s a clean and renewable energy
source, hydrogen production via
photoelectrolysis has stimulated

great research interest from 1972.1–3 Since

water and light are naturally abundant, the

photoassisted water splitting procedure has

been considered an economic route to gen-

erate hydrogen.4,5 One promising method

of this route is the light-induced photo-

oxidation of water, where metal oxides are

often employed as the photocatalyst.6 For

example, TiO2 has been proven an effective

catalyst for hydrogen production from

water�methanol solutions,7 for example,

TiO2 thin films prepared by sol�gel pro-

cesses induced a hydrogen evolution rate

of �0.7 mmol/m2/h from water cleavage.8

However, the efficiency of these catalysts

needs to be further improved for commer-

cial applications of hydrogen generators.5,6

It is thus of great significance to develop

new catalyst materials with desired surface

morphology to increase the efficiency of

photoassisted hydrogen generators.

Vanadium oxides in the V2O5�V2O3 sys-

tem are complex and many intermediate

oxide phases exist within this compositional

range.9,10 Among them VO2 is an interest-

ing narrow band gap (i.e., 0.7 eV) semicon-
ductor, which changes reversibly from a
monoclinic to a tetragonal structure at �68
°C, leading to correspondingly a
semiconductor-to-metal transition.11 This
makes VO2 a promising candidate material
for applications in fast switching, electro-
chromic, and other applications.10 However,
due to its narrow band gap, VO2 has never
been considered as a candidate material for
photocatalytic production of hydrogen.
Since V2O5 has been widely used as cata-
lysts in industries, it is of interest to investi-
gate the possibility that VO2 crystallizes into
other forms which exhibit excellent photo-
catalytic activity, especially when synthe-
sized into nanostructures.

Vanadium oxides can be prepared by a
variety of synthetic approaches.12–15 We
employed here a thermal oxidation ap-
proach to deposit nanostructures of vana-
dium oxide on silicon substrate, which is ca-
pable of producing large-scale arrays of
aligned nanorods and other nanostructures
of metal oxides at relatively low substrate
temperatures.16,17 With this technique
large-scale arrays of aligned VO2 nanorods
were deposited on silicon substrates.

We report here the observation of a new
structure (i.e., bcc) for VO2 when synthe-
sized as nanorods and the investigation on
the electrical and optical properties. Inter-
estingly, owing to its large optical band gap,
the newly observed bcc VO2 phase exhib-
ited excellent photocatalytic activity with a
quantum efficiency of 38.7%. This makes it a
promising photocatalyst candidate for ap-
plications in hydrogen generators.

RESULTS AND DISCUSSIONS
Figure 1 panels a�c show scanning elec-

tron microscopy (SEM) images of the vana-
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ABSTRACT Vanadium dioxide (VO2) is a well-known semiconductor material with a band gap of 0.7 eV, and

is seldom used as a photocatalyst. We report here a new crystal structure for nanostructured VO2, with body-

centered-cubic (bcc) structure and a large optical band gap of �2.7 eV, which surprisingly shows excellent

photocatalytic activity in hydrogen production. The bcc VO2 phase exhibited a high quantum efficiency of �38.7%

when synthesized as nanorods. Using films of the aligned VO2 nanorods, the hydrogen production rate can be

tuned by varying the incident angle of UV light on the films and reaches a high rate of 800 mmol/m2/h from a

mixture of water and ethanol under UV light, at a power density of �27 mW/cm2, allowing possible commercial

application of this material as photoassisted hydrogen generators.
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dium oxide nanostructures deposited on the substrate
at the previously mentioned conditions, taken with a
JEOL JSM-6301 SEM working at 20 kV. Figure 1d shows
a bright-field transmission electron microscopy (TEM)
image of the rods with the inset showing the corre-
sponding selected area electron diffraction (SAD) pat-
tern; both were taken with a JEOL JEM-2010 TEM work-
ing at 200 kV. One sees that the rods are �6 �m long,
several hundred nm in diameter, and are single crystal-
line. It is also noticed that the rods are of sharp conical
shapes and are vertically aligned. X-ray diffraction (XRD)
analysis of these aligned rods was performed by a
Rigaku X-ray diffractometer using the Cu K� radiation,
by the ��2� coupled scan and the small-angle diffrac-
tion, respectively. The patterns obtained by the ��2�

coupled scan and the small angle diffraction indicate
that the rods are strongly textured as they grow on the
silicon substrate, yet they could not match any known
oxides of vanadium. Therefore, it is very difficult to get
the structure information of the rods from the XRD pat-
terns. Since the rods are single-crystalline, we tried to
identify their structure via SAD analysis with a JEOL
JEM-2010 TEM working at 200 kV. To determine the
structure, we performed SAD analysis for more than
twenty rods. For each rod, three SAD patterns were
taken along different axes and were indexed. All index-
ing results indicated that the rods have a bcc structure
with a lattice constant of �0.94 nm. Figure 2 panels
a�c show a typical set of the SAD patterns, taken from
one rod at a tilt angle of 0°, 11°, and 18°, respectively.
The indexing results suggest that the incident electron
beam was along the [001], [1̄50], and [1̄30] directions,
respectively. Figure 2d shows a HRTEM image corre-
sponding to Figure 2a, the inset of which is anenlarged
part of the image. It is seen that the rod has a sharp
tip of �15 nm size and that the rod is grown along the
�002� direction which is in agreement with the SAD
analysis. Using this lattice structure, the XRD pattern
(see Supporting Information) can also be well indexed.

The composition of these cone-shaped rods was
measured by electron energy loss spectrometry (EELS).
Figure 3 a is a typical EELS spectrum of the rods, show-
ing signals of oxygen and vanadium signals. The spec-
trum gave an estimation of the atomic ratio of oxygen/
vanadium very close to 2.0. We have done EELS analysis
for a large number of rods, and in all cases a ratio of
�2.0 was obtained. Rutherford backscattering spec-
trometer (RBS) analysis using a 1.7 MeV He� beam (see
Supporting Information) also gave an overall composi-
tion close to VO2. It is thus concluded that the cone-
shaped rods deposited on the silicon substrate are bcc
VO2. The formation of the VO2 nanorods was due to the
fast evaporation and oxidation of vanadium atoms in
the rough vacuum and deposition on the substrate at
relatively low temperatures. Similar growth behavior
was also observed for other metal oxides by this
approach.16,17

The electrical and optical properties of this bcc VO2

phase are very different from the known VO2

phases.10,11 Figure 3b shows the electrical resistance
(R) of the bcc VO2 film at elevated temperature; inset
plots R in the logarithm scale versus the reverse of the
temperature (1/T). For comparison, the electrical resis-
tance of a monoclinic VO2 thin film (prepared by mag-
net sputtering) is shown in Figure 3c. One notices that
both films are semiconducting, however, the mono-
clinic VO2 underwent a first order phase transition at
�68 °C (i.e., from monoclinic to tetragonal structure) re-
sulting in a big jump in R,10,11 while the bcc VO2 exhib-
ited a second-order phase transition around 120 °C. By
fitting the inset with two straight lines using the Arrhe-
nius equation of R 	 R0 exp(�Ea/kT), the activation en-
ergy (Ea) was estimated to be �0.103 and �0.267 eV, at
temperatures below and above 120 °C, respectively.
Figure 3d shows the reflectance spectrum of the VO2

film as measured in the UV�visible range; the inset
shows how to estimate the optical band gap from the
spectrum. By fitting the absorption edge of the spec-

Figure 1. SEM images of the cone-shaped vanadium oxides rods
formed on Si substrates: (a) a low-magnification image, (b) a side-
view image, and (c) a top-view SEM image; (d) TEM image of the
rods, showing clearly the sharp tip; inset shows a corresponding
SAD pattern of the rod.

Figure 2. SAD patterns of a bcc VO2 rod obtained with the
incident electron beam along directions of (a) [010], (b)
[1̄50], and (c) [1̄30], respectively; (d) HRTEM image corre-
sponding to Figure 2a.
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trum using the Tauc relationship, the optical band gap

of the bcc VO2 was estimated to be 2.7 eV, which is

much larger than the value of 0.7 eV reported for the

monoclinic VO2.11 These results confirm that the bcc

VO2 phase, different from the well-known monoclinic

and tetragonal phases, is a new phase in the vanadium

oxide family.

Because of the relatively large optical band gap,

that is, 2.7 eV and the porous morphology shown by

Figure 1c, the bcc VO2 rods might be applied as a pho-

tocatalyst for hydrogen production through water split-

ting. Figure 4 shows hydrogen evolution from a mix-

ture of ethanol and water with a ratio of 1:5, under a

mercury lamp at 500 W. The inset of the figure shows

the dependence of the hydrogen production rate as a

function of the incident angle of the light. The silicon

substrate contribution to the hydrogen generation was

removed by measuring the hydrogen evolution at same

conditions using a silicon reference of a same size. It is

noticed that for three different incident angles, the hy-

drogen production was linearly increased with the ex-

pose time. Within 4 h, no saturation or degradation was

observed. When the light was incident along the axis

of the rods, the hydrogen production rate reached a

maximum of �800 mmol/m2/h. To calculate the quan-

tum efficiency of the bcc VO2 film, the power density of

the light illuminating on the film was measured using

a radiometer. By counting the number of photons with

energy �2.7 eV (the optical band gap of the bcc VO2)

from the spectrum of the mercury light, the quantum

Figure 4. Hydrogen evolution from a solution of water and
ethanol (5:1 ratio) catalyzed by the VO2-nanostructured films.
Inset shows the dependence of the hydrogen production rate
on the incident angle of the light.

Figure 3. The (a) EELS spectrum and (b) the electrical resistance of the bcc VO2 rods versus the temperature, inset of which
is a logarithm plot; (c) the electrical resistance of a thin film of the monoclinic VO2 phase; and (d) the reflectance spectrum of
the bcc VO2 film in the UV�visible range, inset of which shows how to derive the optical band gap from the absorption
edge.
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efficiency was calculated to be �38.7%. This high value
is probably due to the band structure of the bcc VO2

and the porous surface morphology of the rods.
Another interesting point is that the hydrogen pro-

duction rate is very dependent on the incident angle
of the light illuminating on the film. One sees that when
the light was incident normally on the sample, that is,
along the axis of the rods, the hydrogen production rate
reached the maximum. If the light was incident off the
axis of the rods, the hydrogen production got de-
creased. For example, the hydrogen production rate de-
creased almost half when the light was 30° off the axis
of the rods. This is due to the vertical alignment of the
rods, as less amount of light was absorbed by the film to
enable the photoreaction when the light was incident
off the axis of the rods. With this feature one might ad-
just the hydrogen production rate by controlling the in-
cident angle of the light on the film.

The efficiency of the catalyst in hydrogen produc-
tion through water splitting is a key factor that influ-
ences the commercialization of this technique. Metal
oxides powders, for example, TiO2,7,18–20 KNbOx,6

CoOx,21 WOx,22 LaMnOx,23 and FeOx
24 etc., are reported

to be of good catalytic efficiency. In solutions of dis-
tilled water and ethanol as we used here, they exhib-
ited a catalytic hydrogen generation rate of 0.5�2
mmol/g/h.21 Through further treatments, for example,
doping with La or Mn or coating with Pt, Au, or Ni and
by adjusting the pH value of the solutions by adding
some salts (like Na2S), the catalytic efficiency has been
enhanced. The best efficiency achieved till now is for Pt-

coated TiO2, with which hydrogen could be generated

at a rate of �5 mmol/g/h in MeOH.19 In recent years,

thin film catalysts have also attracted attention.8,25–28

For example, with TiO2 thin films in solutions of distilled

water and methanol hydrogen could be generated at

a rate of �0.7 mmol/m2/h.8,18,25–28 Similarly, modifying

the surface of the films and adjusting the pH value of

the solutions could further enhance the efficiency. For

instance, in coating the films with novel metals such as

Pt, TiO2 thin films reached a rate of �50 mmol/m2/h in

0.1 M Na2S aqueous solution and Pt-coated CdS films

reached a rate of �100 mmol/m2/h.26 Since the quan-

tum efficiency of our bcc VO2 films is �38.7%, the hy-

drogen generation rate achieved here is about 800

mmol/m2/h, which might enable the commercializa-

tion of photoassisted hydrogen generators.

CONCLUSIONS
In summary, we observed that VO2 could crystallize

into a bcc structure when it was synthesized as nano-

rods. Different from the known monoclinic and tetrag-

onal structures the bcc VO2 phase has an optical band

gap of 2.7 eV and exhibited a second-order phase tran-

sition at �120 °C. Besides, unlike the nonphotocata-

lytic monoclinic and tetragonal VO2 phases, the bcc VO2

exhibited excellent photocatalytic activity, that is, with

a quantum efficiency of 38.7%, in hydrogen generation

by photoassisted water splitting. With this catalyst a hy-

drogen production rate of �800 mmol/m2/h was

achieved under a 500 W mercury light.

MATERIALS AND METHODS

Si (001) wafers were supersonically cleaned in acetone, alco-
hol, and deionized water baths and placed �4 cm below a sheet
of vanadium (99.99%, 5 mm 
 50 mm 
 0.7 mm) connected to
two copper electrodes in a vacuum chamber. The chamber was
pumped to �5 Pa and then a voltage of �2 V was applied to the
two electrodes, resulting in a current of �65 A passing through
the vanadium sheet which heats the sheet to �900 °C rapidly,
leading to the deposition of nanostructures on the silicon sub-
strate. During deposition the substrate temperature was
�350 °C.

After deposition, the morphology, the structure, and the
composition of the deposits were examined by SEM, TEM, SAD,
XRD, EELS, RBS, and ultraviolet photoelectron spectrometer, re-
spectively. The electrical and optical properties of the deposits
were also measured.

The photocatalytic property of the vanadium oxide nano-
structures was evaluated by measuring the hydrogen evolution
from a mixture of water and ethanol under UV light at room tem-
perature. The hydrogen production experiment was carried out
in a quartz reactor cooled by running water, and the entire sys-
tem was hermetically sealed. The catalyst film (with a size of 5
mm 
 5 mm) was placed at the bottom of the quartz reactor,
filled with 20 mL of ethanol and 100 mL of water. To remove the
air in the system, nitrogen flux was introduced into the system
for 30 min before the experiment. In the experiment a 500 W
mercury lamp was used as the UV light source to offer photons,
where the power density of UV light radiated on the catalyst film
was measured to be 270 W/m2 by a radiometer. The hydrogen
evolution upon UV light radiation was measured every 20 min

with a Shimadzu GC-14B gas chromatography system.
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