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Synthesis and Characterization of Tungsten Oxide Nanostructures
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Abstract: One- and two-dimensional tungsten oxide nanostructures were synthesized by solvothermal method
using tungsten hexachloride (WCly) as the precursor. The effects of the solvent and the concentration of WClg on
the phase and the morphology of the as-synthesized tungsten oxide nanostructures were investigated and the NO,-
sensing properties were evaluated. X-ray diffraction, field emission scanning electron microscope, transmission
electron microscope, X-ray photoelectron spectroscopy were employed to characterize the as-synthesized products
and the results indicate that the W304 nanorod, W04 nanowire and WO; nanosheet with monoclinic structure
can be formed by adjusting the solvent and WCls concentration. The NO,-sensing properties measurements show
that the synthesized tungsten oxides have reversible response to NO, at different concentrations. In comparison

with WO; nanosheet or W30, nanorod, the W30 nanowire exhibits much higher response to NO, gas.
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Tungsten oxide is a versatile wide band gap
semiconductor material, and it has wide applications
in gas sensors!"?, electrochromic devices®™ and photo-
catalysts. Especially, tungsten oxide has been found
to be a promising material for detection of toxic gases
such as NO,, H,S, Cl,, NH;*®. The gas sensing mech-

anism of oxide semiconductors lies in the fact that the
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electrical resistance of the materials will be changed
when they are exposed to the gases. Consequently, the
sensing response of oxides is highly dependent on
their surface structure and morphology. A lot of sens-
ing tests for tungsten oxide polycrystalline thin films
indicate that the sensing response steeply increases

when the grain size decreases. Recently, tungsten
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nanostructures such as nanowires, nanobelts and
nanorods have been evaluated as ideal candidates for
gas sensing applications due to their larger specific
surface area and smaller dimensions compared to the
Debye length™. Typically, tungsten oxide nanostruc-
tures can be fabricated by various growth techniques®*".
One interesting technique is solvothermal method fea-
turing in simple operation and low cost. In this work,
different tungsten oxide nanostructures including
nanorod, nanowire and nanosheet were synthesized by
solvothermal method. The phase and morphology of
the as-synthesized tungsten oxide nanostructures were
characterized and the sensing properties of the mate-

rial to NO, gas were also evaluated.
1 Experimental

1.1 Synthesis and characterization of tungsten
oxide nanostructures

Tungsten oxide nanostructures with different
morphologies  were synthesized by solvothermal
method with tungsten hexachloride (WClg) as the pre-
cursor and cyclohexanol or 1-propanol as the solvent.
First, a pre-determined amount of WCls was dissolved
in 2~4 ml, ethanol to form a solution. Then, cyclohex-
anol or 1-propanol was added to the solution which
was subsequently transferred to and sealed in a 100
mL Teflon-lined stainless steel autoclave. The concen-
tration of WCls in the solvent of cyclohexanol or 1-
propanol varied from 0.003 mol -L.™" to 0.02 mol - L7,
The solvothermal reaction was conducted at 200 °C for
6~9 h in an electric oven. After that, the autoclave
was cooled naturally to room temperature. The final
products were centrifuged and washed sequentially by
deionized water and ethanol several times, and the
obtained powder was dried at 70 °C for 6 h in air.

The crystalline phases of the tungsten oxides
were analyzed using a RIGAKU D/MAX 2500V/PC X-
ray diffractometer (XRD) fitted with a curved graphite
diffracted-beam monochromator and 0.15 mm receiv-
ing slit and scintillation counter as the detector. The
26 investigation region was in the range of 10°~80°

with a step of 0.02° and a scanning speed of 4°+min™".
Cu Ka; (A=0.154 06 nm) radiation was obtained after

Ko stripping from a Cu X-ray target operated at 40
kV and 200 mA. The morphology and crystalline
structure were observed by a FEI Nanosem 430 field
emission scanning electron microscope (FESEM) at an
accelerating voltage of 10 or 15 kV and a TECNAI
G’F-20 field emission transmission electron micro-
(FETEM) operated at 300 kV of accelerated

voltage. The chemical state of the tungsten oxide

scope

nanostructures was studied by X-ray photoelectron
spectroscopy  (XPS) using PERKIN ELEMER PHI-
1600 ESCA with Mg K« source and a charge neutral-
izer. X-ray irradiation was generated under 250 W.
All the binding energies were corrected for charging
effect by calibration on the graphite Cls peak at
284.6 V.

1.2 NO,-sensing properties test

Gas sensors were fabricated by pouring a few drops
of tungsten oxide powder-suspended ethanol onto the
cleaned alumina substrates attached with a pair of in-
terdigitated Pt electrodes with a thickness of 100 nm.
The electrodes were deposited by using RF magnetron
sputtering method, and the dropping suspension was
prepared by ultrasonically dispersing tungsten oxide
powders in ethanol for 30 min. The coated film was
dried in air for 10 min. The above drop-coating process
was repeated for 3 times to achieve the desired film
thickness. Finally, the resulted films were heated in air
using an infra-red dryer for 1 h, to evaporate the sol-
vents residues in the coating layers.

The NO, gas sensing measurements were carried
out in a computer-controlled gas sensing characteriza-
tion system. The sensors were placed on the heating
plate fixed in test chamber, and the operating temper-
ature of the sensors was achieved by adjusting the
temperature controller of the heat plate. The pure NO,
gas was injected into the chamber directly to get the
desired concentration. A professional digital multime-
ter with the function of measuring range automatic
adjustment was used for continuously monitoring the
resistance change of the sensors during the whole
measurement process and the sampling interval was
set to 1s. The gas response was defined as (R,—R)/R,,

where R, and R, are the resistance of a sensitive film
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in a measuring gas and that in clean air, respectively.
2 Results and discussion

2.1 Effect of WCl; concentration on morphologies

of tungsten oxide

The morphologies of tungsten oxide nanostructures
synthesized at different WCls concentrations in 1-
propanol are shown in Fig.1 (a) ~(d). The solvothermal
reaction temperature and reaction time were maintained
constant at 200 °C and 9 h, respectively. It can be seen
from Fig.1(a), the product synthesized at a concentra-
tion of 0.003 mol - L™ exhibits ultrathin nanowire struc-
ture with diameters of several ten nanometers and
lengths up to several micrometers. Further TEM inves-

tigation can identify the bundled feature, giving evi-

dence that several nanowires with diameters of 5~10 nm
assembled along their main growth direction and formed
a bundled structure, as shown in the inset in Fig.1(a).
This bundle structure is often formed in 1-D nanos-
tructured materials to minimize the surface energy of
the system and the lateral capillary force may act as
the driving force for the nanorod assembly along the
axis direction "5 Increasing WCls concentration to
0.01 mol -L 7", it is obvious from Fig.2 (b) that the
nanowire bundles become thicker, indicating that a
possible agglomeration between the adjacent nanowires
or nanowire bundles has occurred. The estimated
bundle diameter is 40~60 nm. The inset TEM image
in Fig.1(a) shows that each nanowire in the bundles is

with a diameter of about 10 nm.

The inset in (a) and (b) is the corresponding TEM images of nanowire bundle and individual nanowire

(a) 0.003 mol-L™; (b) 0.01 mol-L™; (¢) 0.015 mol-L™; (d) 0.02 mol - L™

Fig.1 SEM images of tungsten oxide nanostructures synthesize in 1-propanol at different WCls concentration

When the concentration increases to 0.015 mol -
L, apparent evolution in the morphology can be ob-
served. As shown in Fig.1(c), the product synthesized
at 0.015 mol -L™" is a mixture structure of nanowires
and nanosheets. Up to a much higher WCls concen-
tration of 0.02 mol -L.”!, a pure nanosheets structure
with thicknesses of 10~30 nm is obtained (Fig.1(d)).
From these results, it can be speculated that the WClg
concentration has a great effect on the specific mor-
phologies of tungsten oxide nanostructures synthesized
by solvothermal method. This is in agreement with the
previous report . TLow solution concentration con-
tributes to the lower supersaturation of tungsten
source, promoting the growth of tungsten oxide
nanowires'™. At higher concentration, the highly satu-
rated WClg could prohibit the growth of tungsten oxide

nanowires along the main growth direction.

2.2 Effect of solvent on morphologies of tungsten

oxide

Fig.2(a) and (c) respectively show the morpholo-
gies of tungsten oxide nanostructures synthesized in
the solvents of 1-propanol and cyclohexanol with a
constant WClg concentration of 0.005 mol -L .. The
solvothermal reaction in cyclohexanol and 1-propanol
were conducted at 200 °C for 6 h and 9 h, respective-
ly, because there was no any precipitates obtained in
I-propanol when reacting for 6 h. The SEM image
shown in Fig.2(a) exhibits that the product obtained in
cyclohexanol is mainly composed of short nanorods
with diameter of 30 ~40 nm and length of 300 ~
400 nm. Several thinner nanorods assemble together
along the axis direction and form nanorod bundles.
Fig.2(b) shows the TEM image of one nanorod bundle.
The stacked bundles shown in Fig.2 (b) can be as-
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Fig.2 (a) SEM and (b) TEM images of the tungsten oxide synthesized in cyclohexanol;

(c) SEM image of the tungsten oxide synthesized in 1-propanol

cribed to physical agglomeration, which can be easily
dispersed by ultrasonic vibration. When substituting
I-propanol with cyclohexanol, the nanowire bundles
exhibiting thin and long features are obtained, as
shown in Fig.2(c).
2.3 Structure characterization of tungsten oxide

nanostructures

XRD results are show in Fig.3. As shown in Fig.
3(a) and (b), the XRD patterns for the bundled tung-
sten oxide nanorods and nanowires synthesized by
solvothermal method are very similar as evidence of
the comparability of diffraction peaks in 26 position
and intensity. The main two diffraction peaks of both
products can be well indexed to the monoclinic phase
of WOy with lattice parameters of a=1.832 nm, b=
0.379 nm, ¢=1.404 nm and B=115.04°(PDF No.65-
1291). It is also observed that there are no other im-
purity phase peaks. The strongest peak intensity of
(010) plane indicates that the growth is preferentially
along the b-axis, i.e. the [010] direction. In the pre-

sent experiments, the monoclinic W30, structures ob-

Intensity (a.u.)
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(a) nanorods; (b) nanowires; (c) nanosheets

Fig.3 XRD patterns of the as-synthesized tungsten

oxide nanostructures

tained in the solvent of cyclohexanol and 1-propanol
are identical, which can be seen from the same
diffraction peaks of monoclinic WOy in Fig.3. The
formation of these one-dimensional nanostructures
arises from the anisotropic properties of monoclinic
Wis04 crystals!. The XRD pattern of the tungsten
oxide nanosheet shown in Fig.3 (c) corresponds to the
monoclinic structure of WO; with lattice of @=0.729 7
nm, b=0.753 9 nm, ¢=0.768 8 nm and 8=90.91°(PDF
No. 43-1035). From this XRD pattern, the two
strongest diffraction peaks appear at 26=23.58° and
260=24.34° corresponding to (020) and (200) facets and
(002) reflection is much

weaker, which implies that the nanosheets grow along

the peak intensity of the

the [010] and [100] crystallographic direction and are
enclosed by +(001) facets.

Fig.4 (a)~(c) show the high resolution (HR) TEM
images of the nanorod, nanowire and nanosheet. Here,
the lattice spacings for nanorod and nanowire are
0.378 nm and 0.380 nm, respectively, corresponding
to (010) plane of monoclinic W30 according to PDF
No0.65-1291. This result indicates that the as-synthe-
sized one-dimensional nanostructures all consist of
monoclinic WigOy and the dominant growth direction
is along the b-axis direction. The HRTEM of tungsten
oxide nanosheet indicates that the crystal plane dis-
tances are about 0.363 nm and 0.378 nm, almost e-
qual to the crystal plane distance of monoclinic WO,
(200) and
shown in Fig.4 are in agreement with the ones from
XRD characterization (Fig.3).

XPS spectra are shown in Fig.5, which highlights

(020) planes, respectively. The results

the survey and the high-resolution spectra of W4f
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Fig.4 HR-TEM images of as-synthesized (a) nanowire, (b) nanorod and (c) nanosheet
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(a) the survey XPS spectra; (b) W4/ high-resolution spectra
Fig.5 XPS spectra of tungsten oxide nanorod, nanowire

and nanosheet

peaks. Tungsten is identified in the survey spectrum
(Fig.5(a)) by the presence of the W4f, W4d, and W4p
transitions. Also labeled are the OKLL and Ols fea-
tures and the Cls line probably coming from the sur-
face contamination during the annealing treatment.
Fig.5(b) shows the high-resolution spectra of the W4f
region, which contains the W4f;, and W4fs, peaks
with binding energies of 35.2/35.2/35.7 eV and 37.2/
37.2/37.8 €V for nanorod/nanowire/nanosheet, respec-
tively. It is well established that the fully oxidized
tungsten oxide (WO;) has the doublet due to W4f;, at
35.8 eV and W4fs, at 38 eV, which represents the
W In Fig.5(b), the position shift of the peaks cor-
responding to W4/, and W4fs, indicates that there are

some oxygen vacancies existing in three tungsten ox-
ide nanostructures. The larger peaks shift of tungsten
oxide nanorod and nanowire implies much more oxy-
gen vacancies. Because the electron density in semi-
conductors depends on the density of oxygen vacan-
cies, the vacancies play a significant role in the gas
detection mechanism for the oxide semiconductors™®,
and the existence of oxygen vacancies is much bene-
ficial to the gas-sensing application of this kind of
materials. From Fig.5(b), it also can be seen that, for
the nanorods and nanowires, the binding energies for
the peaks of W4f;, and W4f;, are the same, which
suggests the same W valence state. This result is con-
sistent with the one of XRD measurements that the
nanorod and nanowire has the same crystalline struc-
ture of monoclinic W 50..
2.4 Gas sensing properties

The gas-sensing properties of the as-synthesized
tungsten oxide nanostructures were evaluated upon ex-
posure to NO, gas. Fig.6 shows the dynamic responses
of tungsten oxide nanorod, nanowire and nanosheet to
NO, gas at an operating temperature of 200 °C. As
shown in the figure, the measured resistances increase
upon exposure to NO, gas. This result is expected be-
cause the oxidizing analyte NO, withdraws electrons
from the n-type tungsten oxide surface and induces the
formation of electron-depleted space-charge layers ",
Notably, the resistances could almost recover to its ini-
tial value after NO, removal, indicating a good re-
versibility of these nanostructure materials. Fig.7 shows
the effect of NO, concentration in the range of 1 ~
20 L L™ on the responses of tungsten oxide nanos-
tructures at 200 °C . From the figure, the WOy



2264 Jd Hl fk

&
e
gl

A

(2)

Resistance / MQ
S = N W s

0 500 1 000 1500 2 000
Time /s

~
[=3
(=]

®)

Resistance / MQ
o W
(=1 (=3
3 3

—
(=3
(=]

-100

0 500 1 000 1500 2 000
Time /s

—
oisd
S

©

Resistance / MQ
o o =
s 3 3

[
(=]

)
S

=3

500 1000 1500 2 000 2500
Time /s

(a) nanorod; (b) nanowire; (c) nanosheet

Fig.6  Dynamic response of tungsten oxide nanostructure
to varying NO, concentration at an operating

temperature of 200 C
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Fig.7 NO, gas response of tungsten oxide nanostructures
as a function of NO, concentration at an operating
temperature of 200 °C
nanowire shows the highest response at different NO,
concentrations, while the lowest response is obtained
from the W3O nanorod. The response values of the
W0, nanowires upon exposure to 1, 5, 10 and 20
pL L™ NO, are 13.4, 123.6, 203.4 and 332.3, while
those of the WO; nanorod are 6.9, 49.7, 89.1 and

152.8, respectively.

Tungsten oxide is a typical n-type semiconductor,
and its gas-sensing mechanism belongs to the surface-
controlled type, i.e. the change in resistance of tung-
sten oxide is primarily caused by the adsorption and
desorption of the gas molecules on the surface of the
sensing film®?! Atmospheric oxygen absorbed on the
oxide surface captures electrons from the conduction
band of tungsten oxide and forms chemisorbed O~, 0>~
and 0,7, creating a thin electron-depleted space-charge
layer at the surface of the oxide. When the tungsten ox-
ide is exposed to the oxidizing NO,, the gas molecules
can be directly adsorbed onto the surface by extracting
electrons from the conduction band (Eq.(1) and (2)) or
they can interact with the chemisorbed oxygen on the
surface (Eq.(3) and (4))*>:

NO,(gas)+e™ = NO, (ads) 1)

NO,(gas)+e™ = NO(gas)+0 ~(ads) (2)

NOy(gas)+0, (ads)+2e~ = NO, (ads)+20(ads)

3)

NO,(gas)+0(ads) = NO*(ads)+20(ads) 4)

These reactions consume further electrons in the
conduction band of tungsten oxide, leading to an in-
crease of the electron-depleted layer and the height of
the Schottky barrier, which then leads to the increase
in the resistance. Therefore, large specific surface area
is beneficial to achieving a high gas response. In our
experiments, Brunauer-Emmett-Teller (BET) gas-sorp-
tion measurements were employed to evaluate the
specific surface area of the as-synthesized tungsten
oxide nanostructures by using Quantachrome NOVA
automated gas sorption system. The measurements re-
sults show that the W 304 nanowires have much larger
(90 m? g ™) than the WO;
nanosheets (47 m*-g™) or W 304 nanorods (69 m*-g™).

specific surface area

The larger surface area can provide more adsorption-
desorption sites and a larger amount of surface ad-
sorbed oxygen species interacting with detected gas
molecules. Thus, W30, nanowires with higher specif-
ic surface area can show much larger change in resis-
tance upon exposure to NO, than the WO; nanosheets
or W0y nanorod with lower specific surface area.

Another important factor for high response of W04
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nanowire is its non-stoichiometric crystal structure .
There exist much more oxygen vacancies in the crystal
structure of non-stoichiometric W g0y than fully oxi-
dized WO, as indicated from the XPS results in Fig.
5. The large amounts of oxygen vacancies can serve as
adsorption sites of gas molecular and effect on the
electron density in oxide, which is beneficial to

1831 Above analy-

achieving much higher gas response
sis can explain why the W;30, nanowires exhibit
higher response than the WO; nanosheets or WOy
nanorod. However, as shown in Fig.7, the non-stoi-
chiometric W 304 nanorod with higher specific surface
area shows lower NO, response than the stoichiometric
WO; nanosheet with lower specific surface area. This
result can be explained from their different mi-
crostructure. Comparing the SEM images of WO,
nanosheet and W30, nanorod (Fig.1(d) and Fig.2(a) ),
it is clear that, differing from the compact structure of
nanorod, the nanosheets support each other and form
a loose and porous structure which is convenient for
the diffusion of NO, gas in the bulk of nanosheets
film. It is possible that the loose and porous structure

dominate the high response of WO;nanosheet.
3 Conclusion

Tungsten oxide nanostructures including nanowire,
nanorod and nanosheet were synthesized by solvother-
mal method with tungsten hexachloride (WClg) as the
precursor. One-dimensional W 304 nanowire bundles
are obtained in 1-propanol at WCls concentration be-
low 0.01 mol -L™', while the structure of pure two-di-
mensional WO; nanosheet was formed at concentration
of 0.02 mol-L™. Tn the solvent of cyclohexanol, W50y
nanorod is formed at WCls concentration of 0.005
mol - L™, The as-synthesized tungsten oxide nanostruc-
ture exhibits reversible response to NO, at different
concentrations. In comparison with WO; nanosheet or
W50y nanorod, the WO, nanowire exhibits much
higher response to NO, gas due to its much larger
specific surface area and non-stoichiometric crystal

structure.
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