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Hydrothermal synthesis and chromic properties of
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This paper reports that highly purified hexagonal WO3 nanowires are synthesized by a simple hydrothermal

method. The as-synthesized WO3 nanowires are investigated in detail by ultraviolet–visible–near infrared spectroscopy

and electrical transport measurements under different conditions. It finds that the optical band gap and the diffuse

reflection coefficient in the wavelength region above 450 nm of WO3 nanowires decrease observably upon exposure

to ultraviolet light or NH3 gas. It is also found that there are electrons being trapped or released in individual WO3

nanowires when scanning bias voltage in different directions upon exposure to ultraviolet and NH3 gas. The experimental

results suggest that the chromic properties might be attributed to the injection/extraction of hydrogen ions induced

by ultraviolet light irradiation in air or creation/annihilation of oxygen vacancies induced by NH3 gas exposure, which

serve as colour centres and trap electrons as polarons. The experimental results also suggest that the hexagonal WO3

nanowires will be a good candidate for sensing reduced gas such as NH3.
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1. Introduction

Tungsten trioxide (WO3) films, with transpar-
ent characteristics in the visible light region owing
to a large band gap of 2.5–3.5 eV, were investi-
gated intensively because of their intriguing chromic
properties and potential applications in display de-
vices or gas sensors.[1−3] Colouration takes place when
the WO3 film is exposed to ultraviolet light (pho-
tochromism), specific gas (gaschromism) or electric
field (electrochromism).[4,5] It has been proposed that
oxygen vacancies serve as colour centres as there
are free electrons induced by light excitation, gas
adsorption or electron injection.[6,7] The WO3 one-
dimensional (1D) nanostructures, with high surface-
to-volume ratio and small grain size, are expected to
exhibit more outstanding photochromic, gaschromic
and electrochromic properties. Recently, a number of
methods, such as electrochemical techniques,[8] tem-
plate directed synthesis,[9,10] solution-based colloidal
approach,[11,12] chemical vapour deposition[13−15] and

hydrothermal reactions,[16,17] have been developed for
the preparation of WO3 1D nanostructures. The WO3

1D nanostructures have been shown experimentally
to exhibit good sensing properties for ethanol, H2S,
NOx, trimethylamine, and other organic compound
gases.[18−21] However, there are few researches on the
chromic properties of WO3 1D nanostructures, espe-
cially on the electrochromic properties of individual
WO3 nanostructures. Furthermore, researches on the
chromic properties of WO3 1D nanostructures are nec-
essary not only for a further understanding of the pho-
tochromism, gaschromism and electrochromism but
also for the application interest.

In the present work, we synthesized highly
purified diameter-monodispersed hexagonal WO3

nanowires on a large scale by a simple hydrother-
mal method. The photochromic, gaschromic and
electrochromic properties of the as-synthesized WO3

nanowires were investigated in detail by ultraviolet–
visible–near infrared (UV–Vis–NIR) spectroscopy. It
is found that the optical band gap and the diffuse
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reflection coefficient in the wavelength region above
450 nm of WO3 nanowires decrease observably upon
exposure to ultraviolet light or NH3 gas. Furthermore,
the chromic properties of individual WO3 nanowires
were also investigated by electrical transport measure-
ments. It is also found that the I–V curves of individ-
ual WO3 nanowires do not superpose themselves when
bias voltage is scanned in different directions upon
exposure to ultraviolet and NH3 gas. The experimen-
tal results suggest that the chromic properties might
be attributed to the injection/extraction of hydrogen
ions induced by ultraviolet light irradiation in air or
creation/annihilation of oxygen vacancies induced by
NH3 gas exposure, which serve as colour centres and
trap electrons as polarons. The experimental results
also suggest that the hexagonal WO3 nanowires might
be a good candidate for sensing reduced gas such as
NH3.

2. Experimental

All the chemicals are of analytical grade and were
used without further purification. Potassium sulfate
(K2SO4), oxalic acid (H2C2O4), and sodium tungstate
(Na2WO4·2H2O) were purchased from Beijing Chem-
ical Reagent Company. In a typical experiment,
sodium tungstate powder (8.15 g, 0.025 mol) was
dissolved in deionized water (100 mL). The H2C2O4

(6.3 g) was then added to the solution. After the mix-
ture is diluted to 250 mL, a translucent, homogeneous,
and stable WO3 sol was formed. A 75 mL volume of
WO3 sol was transferred into a 100-mL autoclave, and
then K2SO4 (3.75 g) and 6-30 drops of hydrochloric
acid (HCl) were added to the sol. The autoclave was
sealed and maintained at 180 ◦C for 48 h, and then
cooled down to room temperature. The precipitates
in the solution were filtered, washed sequentially with
deionized water and ethanol to remove possible rem-
nant ions, and then dried at 60 ◦C. The final product
is the sample we have synthesized.

The sizes and morphologies of the final prod-
uct were observed on a scanning electron microscope
(SEM, JEOL-6360Lv). The crystal structure was de-
termined by x-ray diffraction (XRD) (Aolong Y2000,
Cu Kα, λ = 0.15405 nm). The absorption of pho-
ton was characterized by UV/Vis/NIR spectropho-
tometer equipped with a 60 mm integrating sphere
(PerkinElmer Lambda750). In order to characterize
their electrical transport properties, we first dispersed
WO3 nanowires in aqueous solution of diethylene gly-

col and purified them by centrifugation. Thereafter
they were deposited on Au/Ti finger electrodes by
putting one droplet of suspension on the surface and
then baked at 180 ◦C for 8 hours. Electrodes were
defined by using a photo-lithography technique, and
formed by evapourating 15 nm AuTi on highly n-
doped silicon wafer with 100 nm SiO2 layer. De-
vices containing individual WO3 nanowire were se-
lected for electrical transport measurements. The
WO3 nanowire between two adjacent electrodes is
about 700-nm long. The electrical transport measure-
ments were carried out on a probe station in home-
made sample chamber, in which the gas component
can be controlled exactly by the mass flow meter.

3. Results and discussion

Typical SEM images (Fig. 1) indicate that the
final product consists of highly purified nanowires
without any other nanostructures such as nanobelts,
nanosheets and nanoparticles. They also indicate that
the as-synthesized nanowires are loosely entangled and
have a uniform diameter of about 50 nm and lengths
up to several tens of micrometers.

Fig. 1. Typical low-magnification (a) and high-

magnification (b) SEM images of as-synthesized WO3

nanowires. The scale bars represent 10 µm and 1 µm,

respectively.
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A typical XRD pattern of the as-synthesized
nanowires is shown in Fig. 2. All the diffraction
peaks in this pattern can be perfectly indexed as
hexagonal structure of WO3 with lattice constants of
a = b = 0.7298 nm and c = 0.3897 nm (PDF card,
75-2187). It is noteworthy that no diffraction peak
other than those of hexagonal WO3 can be identified
in this XRD pattern. The sharp diffraction peaks also
indicate that the WO3 nanowires are well crystallized.

Fig. 2. The XRD pattern of the as-synthesized hexagonal

WO3 nanowires (upside) and the polycrystal diffraction

spectrum of hexagonal WO3 (PDF card, 75-2187) shown

by solid lines (downside).

The WO3 nanowires turn from light yellow to
dark blue slowly when illuminated with ultraviolet
light or exposed to the NH3 gas. Figure 3(a) shows
their UV/Vis/NIR diffuse reflectance spectra under
different conditions, which indicates that the diffuse
reflectance coefficient of WO3 nanowires in the wave-
length region above 450 nm decreases when the WO3

nanowires are illuminated with faint ultraviolet light
(365 nm, 18 W UV lamp) in air, and decreases more
significantly when illuminated in NH3 atmosphere. It
also indicates a red shift in the optical absorption edge
of WO3 nanowires. In order to obtain the indirect
band gap of WO3 nanowires, the plots of [F (R)hν]1/2

vs. hν of WO3 nanowires under different conditions
are shown in Fig. 3(b). The F (R) = (1−R)2/2R =
α/S is the Kubelka–Munk function, where R, α and
S are the diffuse reflection, absorption and scatter-
ing coefficient, respectively. The band gap of WO3

nanowires can be defined by extrapolating the rising
part of the plot of [F (R)hν]1/2 vs. hν to the pho-
ton energy axis (dotted line in Fig. 3(b)).[22] It indi-
cates that the indirect band gap of WO3 nanowires is
about 3.09 eV, smaller than the value of 3.25 eV for

bulk WO3, which might be attributed to oxygen va-
cancies in the WO3 lattice. The band gap in WO3 is
critically dependent upon bonding–antibonding inter-
actions. Relaxation around oxygen vacancies causes
increase in the W–O bond length and then decrease
in the bonding–antibonding interaction, which results
in a smaller band gap.[23] Figure 3(b) also indicates
that the band gap of WO3 nanowires decreases slightly
to 3.04 eV when the WO3 nanowires are illuminated
about 3 hours with faint ultraviolet light in air, but
decreases markedly to 2.99 eV, 2.86 eV and 2.86 eV
when illuminated 1 hour, 2 hours and 3 hours in NH3

atmosphere, respectively.

Fig. 3. The UV/Vis diffuse reflectance spectra (a) and

plots of [F (R)hν]1/2 vs. photon energy (b) of WO3

nanowires when illuminated different time with faint ul-

traviolet light in air and NH3 atmospheres, where R is

the diffuse reflectance ratio and F (R) = (1−R)2/2R is

Kubelka–Munk function.

In order to explore the photochromic, gaschromic
and electrochromic reaction in WO3 nanowires thor-
oughly, we also investigated the electrical transport
properties of individual WO3 nanowires illuminated
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with faint ultraviolet light in different atmosphere.
Figure 4 shows the atomic force microscope (AFM)
image of a typical electrical device, which contains
a WO3 nanowire on top of Ti/Au finger electrodes.
Current versus bias voltage (I–VD) curves of the
WO3 nanowire under different conditions are shown
in Fig. 5.

Fig. 4. The AFM image of WO3 nanowire on top of

Ti/Au finger electrodes. The WO3 nanowire between two

adjacent electrodes is about 700 nm long.

Fig. 5. The I–VD curves of WO3 nanowire recorded in air

when illuminated with faint ultraviolet light for different

times.

As shown in Fig. 6(a), the I–VD curves are lin-
ear and symmetric in the low current region, which
implies that the contacts between the WO3 nanowire
and the electrodes are of ohmic contacts. The conduc-
tance of individual WO3 nanowires in our devices is
about 1 nS under ambient conditions, which increases

slowly and saturates at the magnitude of 200 nS when
illuminated with faint ultraviolet light. It takes more
than 2 hours for the conductance of the WO3 nanowire
to saturate, which means that the increase in conduc-
tance cannot be simply attributed to photoconduc-
tion. Furthermore, the I–VD curves are nonlinear and
asymmetric in large current region. It seems that the
large current might result in Fermi-level movement in
the WO3 nanowire and then bring about asymmet-
ric Schottky barrier in the contacts between the WO3

nanowire and the metallic electrodes.
When the WO3 nanowire is illuminated with

365 nm ultraviolet light, electrons near the top of
its valence band can be excited to the bottom of
the conduction band by absorbing photons (3.4 eV).
Electron–hole pairs increase the carrier concentra-
tions and then the conductance of the WO3 nanowire.
Moreover, there are always H2O and O2 molecules
absorbed on the surface of WO3 nanowire in air.
Therefore, under the ultraviolet light irradiation, the
possible reactions may occur on the surface of WO3

nanowires as follows:[24]

WO3
UV−→ WO3 + h+(vb) + e−(cb),

H2O + h+(vb) −→ OH ·+H+,

O2 + e−(cb) −→ O−2 · .
Hydrogen ions can diffuse into the lattice of

WO3nanowire and lead to the formation of HWO3

gradually, which will result in gradual increase and
saturation in the conductance of WO3 nanowires.
Therefore, the photochromic properties of WO3

nanowires may relate to the reaction:

WO3(transparent) + H+ + e− −→ HWO3(blue).

Figure 6(a) shows that the conductance of WO3

nanowire increases slightly when exposed to the NH3

gas (1000 ppm). Since NH3 is reducing gas, the in-
crease of conductance can be attributed to the interac-
tion of the gas with the oxygen species on the surface
of the WO3 nanowire. The possible oxidation reac-
tions may occur on the surface of WO3 nanowires as
follows:[25]

2NH3 + 3O2− → N2 + 3H2O + 6e−,

2NH3 + 5O2− → 2NO + 3H2O + 10e−,

2NH3 + 4O2− → N2O + 3H2O + 8e−.

These oxidation reactions generate free electrons,
which leads to the increase of the conductance of the
WO3 nanowire due to the increase of carrier concen-
tration. On the other hand, these oxygen-consuming
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reactions will also generate oxygen vacancies in the
WO3 lattice, which might answer for the decrease
in the bandgap of WO3 nanowires when illuminated
with ultraviolet light in NH3 atmosphere. As shown
in Fig. 6(b), the conductance of the WO3 nanowire
increases significantly, and that the non-linearity of
the I–VD curves also decreases evidently when WO3

nanowires are exposed to ultraviolet light. It means
that the oxidation reaction rate is accelerated observ-
ably, and then the carrier density increases observably.

Fig. 6. The I–VD curves of WO3 nanowire recorded in

air and NH3 atmospheres when illuminated with daylight

(a) and faint ultraviolet light (b).

The most important feature of Fig. 6(b) is that
the I–VD curves do not superpose themselves when the
bias voltage is scanned in different directions, which
can be named as electrical hysteresis or memory ef-
fect. Considering the red-shift of the optical absorp-
tion edge of WO3 nanowires when illuminated with
ultraviolet light in NH3 atmosphere (Fig. 3), we sup-
pose that the oxidation reactions on the surface do
introduce a certain amount of oxygen vacancies into
the WO3 nanowire lattice, and then change their elec-
tronic structure (band gap). The oxygen vacancies

might trap or release electrons slowly and then result
in misalignment of I–VD curves when the bias voltage
is scanned in different directions.

When free electrons are introduced into the con-
duction band of WO3 nanowires, the optical absorp-
tion of free electrons and holes may also lead to a
broad absorption band extending from the near in-
frared to the mid-infrared. On the other hand they
might be captured by oxygen vacancies, or move
around oxygen vacancies in a spatially localized level
accompanied by a local deformation in the lattice,
which will affect the electronic environment of the
neighbouring tungsten ions and reduce their valences
from +6 to +5 or +4 partially. The electrons can
hop from a W5+ site to a neighbouring W6+ site by
absorption of photon energy,[26] which will cause a
broad absorption band extending from 450 nm to the
near infrared, resulting in the bluish appearance of the
WO3 nanowires. The oxygen vacancies might trap or
release electrons slowly and then result in misalign-
ment of I–VD curves when the bias voltage is scanned
in different directions. Therefore, the misaligned I–
VD curves scanned in different directions might corre-
spond to the process of colouration/bleaching of the
WO3 nanowires.

According to previous reports,[27−29] the coloura-
tion/bleaching of WO3 film is directly related to
the double injection/extraction of positive ions and
electrons or creation/annihilation of oxygen vacan-
cies. However, in our case, the chromic properties
of WO3 nanowires are ascribed to the double injec-
tion/extraction of hydrogen ions and electrons when
illuminated with ultraviolet light in air, and to cre-
ation/annihilation of oxygen vacancies when exposed
to NH3 atmosphere.

4. Conclusion

We have successfully synthesized highly purified
diameter-monodispersed hexagonal WO3 nanowires
on a large scale by a simple hydrothermal method.
The chromic properties of the as-synthesized WO3

nanowires are investigated in detail by UV–Vis–NIR
spectroscopy and electrical transport measurements.
It is found that the optical band gap and the diffuse re-
flection coefficient in the wavelength region above 450
nm of WO3 nanowires decrease observably upon ex-
posure to ultraviolet light or NH3 gas. It is also found
that the I–V curves of individual WO3 nanowires
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do not not superpose themselves when the bias volt-
age is scanned in different directions upon exposure
to ultraviolet light and NH3 gas. The experimen-
tal results suggest that the chromic properties might
be attributed to the injection/extraction of hydro-
gen ions induced by ultraviolet light irradiation or

creation/annihilation of oxygen vacancies induced by
NH3 gas exposure, which serve as colour centres and
trap electrons as polarons. The experimental results
also suggest that the hexagonal WO3 nanowires will
be a good candidate for sensing reduced gas such as
NH3 at room temperature.
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