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Inorganic nanowires with ultrathin diameters below the magic
size (i.e., less than 2 nm) and even one unit cell size, have
attracted much research attention in the past few years owing
to their unique chemical and physical properties.™ As an
important semiconductor material, tungsten oxide (WO,_,)
nanowires and nanorods have attracted considerable atten-
tion because of their wide applications in gas sensors,
electrochromic windows, optical devices, and photocata-
lysts.'3 In particular, monoclinic W3O, is of great interest
owing to its unusual defect structure and promising properties
in the nanometer regime.['*!*

Early on, Park and co-workers reported the synthesis of
W30, nanorods with a diameter of 4 nm by decomposing
[W(CO)4] in Me;NO,-2 H,O and oleylamine.!” Subsequently,
Niederberger and co-workers synthesized hybrid W3O,/
organic nanowires with a very thin diameter of 1.3 nm by
a bioligand-assisted method."”! Recently, Tremel and co-
workers prepared W30, nanorods with a diameter of 2 nm
by decomposing tungsten ethoxide in a mixture of oleic acid
and trioctyl amine.'! Although good control over nanocrystal
dimensions can be realized in these methods, removal of the
surfactants or organic residues from the nanowire surface
requires multiple washing steps. For fundamental investiga-
tions on the ultrathin oxide nanowire itself, as well as for
technological applications (such as sensing and catalysis), the
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presence of residues on the nanowire surface from the
synthesis may be a significant drawback.

Herein, we report the preparation of ultrathin W3O,
nanowires that are efficient in the photochemical reduction of
carbon dioxide by visible light. The ultrathin W ;304 nano-
wires were prepared by a very simple one-pot solution-phase
method (see the experimental section in the Supporting
Information). In a typical procedure, WCl,; was dissolved in
ethanol, and the clear yellow solution was transferred to
a teflon-lined stainless-steel autoclave and heated at 180°C
for 24 h. A blue flocculent precipitate was collected, washed,
dried in air, and obtained in a yield of approximately 100 %.
The product is insoluble in water and in acid (HCI, pH 0), and
has a high specific surface area.

W50, is a monoclinic structure type (P2m) with lattice
parameters of a =18.318, b=3.782, and ¢ =14.028 A. Mono-
clinic W3O, has a distorted ReO; structure in which corner-
sharing distorted and tilt WO octahedra are connected in the
a-, b-, and c-direction, thereby forming a three-dimensional
structure (inset in Figure 1a). The X-ray diffraction (XRD)
pattern of our sample demonstrates that the sample consists
of monoclinic-phase W3O, (Figure 1a). The narrow (010)
and (020) peaks strongly suggest that the possible crystal
growth direction of the sample is [010], since the close-packed
planes of the monoclinic W3O, crystal are {010}, which will
be further demonstrated by the direct observation of the high-
resolution transmission electron microscopy (HRTEM)
image (see below). Energy-dispersive X-ray spectroscopy
(EDS) confirms that the sample only contains W and O
elements (Figure 1b). Furthermore, the Fourier transform
infrared (FTIR) spectrum exhibits the clear surface of our
sample (Figure S1 in the Supporting Information).

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images show that the as-synthe-
sized sample is composed of nanowires with large aspect ratio
and lengths of up to several micrometers (Figure 1c,d).
Interestingly, higher-magnification TEM images (Figure 1e
and Figures S2 and S3 in the Supporting Information) clearly
reveal that the nanowires shown in Figure 1d are composed of
a lot of individual, thinner nanowires. The diameter of the
thinner nanowires is only about 0.9 nm. The HRTEM image
and corresponding fast Fourier transform (FFT) pattern
demonstrate that the ultrathin nanowires are crystalline and
grow along [010] direction (Figure 1f and Figure S4 in the
Supporting Information). A comparison of the unit cell of
WOy projected along the [010] direction with the typical
diameter of the nanowires of 0.9 nm (red circle) allows
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Figure 1. a) XRD pattern of the W30, nanowires, inset: crystal
structure of monoclinic W;30,,. b) EDS spectrum of the nanowires.

¢, d, €) SEM, TEM, and high-magnification TEM images, respectively,
of the W30, nanowires. f) HRTEM image of the ultrathin nanowires.
Insets: The corresponding FFT patterns of the areas |, Il, and 111

g) Schematic representation of the cross-section of a 0.9 nm nanowire
inside one W,30,, unit cell oriented along the [010] direction.

a rough estimation of the proportion of tungsten atoms
present on the nanowire surface (Figure 1g). The cross-
section in the (010) plane contains about 8 tungsten atoms,
and about 6 of them are located on the surface.
Experimental results showed that a low precursor con-
centration (Cyce < 0.5 g/100 mL) contributes to the forma-
tion of the ultrathin W3O, nanowires. Once the precursor
concentration was higher than 1.5 g/100 mL, sea-urchin-like
nanostructures composed of a number of nanowires with
larger diameters were obtained (Figure S5 in the Supporting
Information). Polymer-assisted growth of bundle-like BaSO,
and BaCrO, nanowires with larger diameters in solution has
been reported.'*2" Although the exact formation mechanism
of the ultrathin W30, nanowire bundles is unknown at the
moment, we believe the crystal-structure features of the
W50, play an important role in the formation of the bundle-
like nanowires. In this structure, the close-packed planes are
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{010}; thus, the nanocrystals of W30,y would preferentially
grow along the [010] direction. Since the diameter of the
nanowires is very small (that is, their surface energy is very
large), the nanowires tend to tangle with each other to reduce
the surface energy. As a result, bundle-like nanowires were
formed. Of course, the exact formation mechanism should be
further investigated.

The W30, nanowires show unusual photophysical prop-
erties, as indicated by ultraviolet/visible (UV/Vis) absorption
spectroscopy (Figure 2a). A very large absorption tail present
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Figure 2. a) UV/Vis absorption spectrum and b) photoluminescence
spectrum of the ultrathin W,;0,, nanowires.

in the visible and near infrared (NIR) regions of the
absorption spectrum gives clear evidence that the nanowires
consist of a large number of oxygen vacancies,”!! which is very
different from those one-dimensional W30, nanostructures
with larger diameters.'*??! For those W30, nanowires with
relatively larger diameters, no absorption was observed in the
visible and NIR regions.

Photoluminescence (PL) spectra recorded at an excitation
wavelength of 270 nm also demonstrated that the ultrathin
nanowires contain a large number of oxygen vacancies
(Figure 2b). The PL emission spectrum of the W30,y nano-
wires recorded at room temperature shows an emission band
at 3.78 eV (325 nm), which corresponds to the band-to-band
transition. Compared with the reported band emission
(3.60eV) of WO, nanorods with a larger diameter
(3 nm)," the large blue shift of the emission indicates that
the as-synthesized ultrathin WO, nanowires possess

Angew. Chem. 2012, 124, 2445-2449



a strong quantum confinement effect. A blue emission band
at 2.9 eV (420 nm), which may originate from the presence of
oxygen vacancies or defects, was also found in the PL
spectrum. In contrast to the previous report,''® ¥l the intensity
of this blue emission band is much higher than that of the
band emission band, which further demonstrates that the
prepared ultrathin nanowires contain a lot of oxygen vacan-
cies.

Control experiments show that the color of a W3Oy
sample gradually changed from blue in the original sample
to yellow in the final sample (Figure 3a) once the sample was
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Figure 3. a) Color conversion, b) UV/Vis absorption spectra, c) XPS
spectra, and d) XRD patterns of the ultrathin W,30,5 nanowires before
(red line) and after oxidation (black line) by H,0,.

oxidized with hydrogen peroxide (H,0,) for three hours. The
corresponding absorption spectrum of the yellow sample
(marked as W-H,0,-3 h) shows a clear red shift, and no
absorption tail is present (black line, Figure 3b), which
indicates that the oxygen vacancies in the surface of the
nanowires disappear after oxidizing with H,O,. The change in
the valence of W atoms in the nanowire surface before and
after H,0O, treatment could be characterized by using X-ray
photoelectron spectroscopy (XPS; Figure 3¢). For the W30,
nanowires, four peaks corresponding to W4f could be seen in
the XPS spectrum. Two peaks observed at 35.71 and 37.81 eV
correspond to W®', and the other two peaks at 34.78 and
37.07 eV correspond to W>* (Figure 3c, red line).”! For the
W-H,0,-3 h sample (Figure 3¢, black line), two sharp peaks of
W4f£ and one weak peak of W5p can be seen in the spectrum,
which is a typical feature of W, The XPS spectra clearly
demonstrated that after oxidizing with H,0O,, the valence of W
has changed to W*". This means that the oxygen vacancies in
the surface of the nanowires disappear after oxidation with
H,0,, which also explains the disappearing of the absorption
tail in the absorption spectra.

We noted that although the color, UV/Vis absorption
spectra, and XPS characterizations of the W-H,0,-3 h nano-
wires display distinct differences from the original W3Oy
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nanowires, the XRD patterns of W-H,0,-3 h and W30, are
very similar (Figure 2d). This result clearly demonstrated that
the oxidation only took place on the surface of the nanowires,
and that the inside of the W-H,0,-3 h nanowires is still
composed of W gOy,.

Because crystal defects often give rise to unexpected
results in chemical reactions, we investigated the photo-
chemical activity of the oxygen-vacancy-rich W30, nano-
wires by the photochemical reduction of CO, + H,O vapor in
a gas-solid system. The W30,y nanowires achieved efficient
methane production from carbon dioxide and water vapor on
illumination with visible light (4 > 420 nm) in the absence of
noble-metal co-catalysts such as Pt and Au (Figure 4a). The
average formation rate of methane is about 666 ppmg 'h™!
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Figure 4. a) Time courses of CH, production over the as-synthesized
W50, nanowires under visible light (1>420 nm, A) and in the dark
at 70°C (O). b) UV/Vis absorption spectra of the tungsten oxide
samples obtained by oxidation with H,O, for different time periods.
¢) Time courses of CH, production over the tungsten oxide samples
with different oxygen-vacancy concentrations. W30, (O), W-H,0,-
0.5h (A), W-H,0,-1h (O), and W-H,0,-3 h and commercial WO,
overlapping (v, ).
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(0.029 mmolL~'g~'h™!). Besides methane, only 5% (molar
ratio) of other hydrocarbons (such as ethanol and acetone)
were produced, which suggests that the selectivity of this
photochemical reaction is very high. Because the equilibrium
temperature of the photochemical reaction system was about
70°C (£4°C), control experiments were carried out to detect
the influence of temperature on product formation. The
experiments showed that no methane was detected when the
reactions were performed in the dark at 70°C, that is, the
reduction of carbon dioxide cannot be started in the absence
of light. Therefore, the formation of methane is really based
on a photopromoted reduction of carbon dioxide. To our
knowledge, the photochemical conversion of carbon dioxide
into methane over W3O, under visible light has not
been reported to date. Furthermore, the formation rate of
methane increased rapidly, up to 50000 ppmg 'h™!
(22 mmolL'g'h™!), when a full-arc xenon lamp was used
as the light source.

We then investigated the effect of the concentration of
oxygen vacancies on the photochemical reduction of carbon
dioxide. By adjusting the H,0, treating time, a series of
tungsten oxide samples with different oxygen-vacancy con-
centrations was prepared. UV/Vis absorption spectra show
the oxygen-vacancy concentrations of the samples gradually
reduced as the oxidation time increased (Figure 4b). Fig-
ure 4 c shows the rate of methane evolution on tungsten oxide
catalysts with different concentrations of oxygen vacancies.
After oxidizing for 0.5 h, the activity of methane evolution on
the sample is reduced down to 25% (170 ppmg 'h™"). After
oxidizing for 1 h, the sample shows activity in photochemical
methane evolution, but the rate of methane evolution is lower
(106 ppmg~'h™'). No methane or other kinds of hydrocarbons
were detected when W-H,0,-3 h was used as the catalyst, the
surface of which was completely oxidized into W®" by H,0,,
thus suggesting that WO; is not active for photocatalytic
methane evolution, which is in agreement with previous
studies. We also investigated the properties of the samples
after 30 h photochemical reaction, and found that the oxygen-
vacancy concentration in the samples was greatly reduced
(Figure S6 in the Supporting Information). However, the size
and morphology of the nanowires were not affected by this
reaction process (Figure S7 in the Supporting Information).
These experimental results demonstrated unambiguously that
oxygen vacancies in the samples play a very important role in
the photocatalytic methane evolution under visible light.

Our experimental results showed that once all of the
oxygen vacancies in the ultrathin nanowires were consumed
by carbon dioxide molecules, no methane molecules were
generated. Generally, the oxygen vacancies would be fully
consumed after irradiation with visible light (4>420 nm,
30mWem™2) for 90h in the presence of carbon dioxide
(1 atm) and water (0.8 mL), and the color of the nanowires
changed from blue to yellow-green. Fortunately, by utilizing
the strong reducing power of NaBH,, we found that the
activity of the nanowires could be easily recovered (for details
see the experimental section in the Supporting Information).
Control experiments showed that the size and morphology of
the nanowires were not affected by this treatment (Fig-
ures S8-S10 in the Supporting Information).
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Although the exact mechanism for the photochemical
formation of methane over the ultrathin W30,y nanowires is
not clear, we believe that the oxygen vacancies contained in
the nanowires provide a large quantity of reductive sites in the
conversion from carbon dioxide into methane. By consuming
oxygen vacancies, one carbon dioxide molecule is reduced to
one methane molecule. Furthermore, since a large number of
oxygen vacancies exists in the nanowires, with a “trap” effect
(Figure S11 in the Supporting Information), they can tightly
“catch” carbon dioxide molecules and greatly enhance the
adsorption of carbon dioxide.” The attraction between an
oxygen vacancy and a carbon dioxide molecule may generate
an unexpected affinity interaction and therefore lower the
reactive barrier. Moreover, the oxygen vacancies can absorb
visible light effectively and provide more active sites for
reaction. More details of the mechanism are being studied.

In summary, ultrathin W3O,y nanowires were synthesized
by a simple one-pot solution method. The nanowires are only
about 0.9 nm in diameter and contain a large number of
oxygen vacancies. The ultrathin nanowires show strong light
absorption from the visible to the NIR region. The oxygen-
vacancy-rich ultrathin W30, nanowires show an excellent
capability of photochemical reduction of carbon dioxide
under irradiation with visible light. This work presents not
only a possibility for the use of ultrathin W30,y nanowires as
a functional material in the conversion of carbon dioxide but
also an important concept that oxygen-vacancy-rich non-
stoichiometric simple oxides can be used as a new strategy to
design materials with high photochemical activity.
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