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Abstract Tungsten (VI) oxide (WOj3) nanomaterials
were synthesized by a sol-gel method using WClg and
C,HsOH as precursors followed by calcination or hydro-
thermal treatment. X-Ray diffraction (XRD), scanning
electron microscopy (SEM) and high resolution transmis-
sion electron microscopy (HRTEM) equipped with energy
dispersive X-ray spectroscopy (EDX) were used to
characterize the structure and morphology of the materials.
There were significant differences between the WO;
materials that were calcinated and those that were
subjected to a hydrothermal process. The XRD results
revealed that calcination temperatures of 300°C and 400°C
gave hexagonal structures and temperatures of 500°C and
600°C gave monoclinic structures. The SEM images
showed that an increase in calcination temperature led to
a decrease in the WO; powder particle size. The TEM
analysis showed that several nanoparticles agglomerated to
form bigger clusters. The hydrothermal process produced
hexagonal structures for holding times of 12, 16, and 20 h
and monoclinic structures for a holding time of 24 h. The
SEM results showed transparent rectangular particles
which according to the TEM results originated from the
aggregation of several nanotubes.

Keywords WO; nanomaterial, sol-gel method, calcina-
tion, hydrothermal

Received April 17, 2012; accepted July 13, 2012

E-mail: santiche@mat-eng.its.ac.id

1 Introduction

Tungsten oxides are semiconductor metal oxide materials
that have band gaps in the range of 2.6-3.0eV. Since
tungsten metal has several oxidation numbers, tungsten
oxide forms different compounds, such as W30 [1], WO,,
WO5 72, WO, 9, WO, o6, and WO5 in which the oxidation
states of tungsten range from + 0.67 to + 6 [2]. One which
has attracted much attention is tungsten (VI) oxide or
tungsten trioxide (WO;). WO; materials have a wide range
of applications in gas sensors [3—8], electrochromic
devices [9], electrochemical capacitors [10], photocatalysts
[11], optical devices [12] and smart windows [13]. The
structure, surface morphology, particle size distribution,
defect structure and active surface area of the WO,
material greatly influence its properties including its
sensing, electrochromic, catalytic, optical, and capacitive
properties.

Many methods have been used to synthesize WO;, such
as sol-gel methods [6,10,14,15], metal organic chemical
vapor deposition (MOCVD) [16], reactive sputtering [17],
a colloidal gas aphrons method [18], spray pyrolisis [11],
flame-based solid evaporation [19], liquid phase deposition
[20] and solvothermal synthesis [21]. Among these
methods, the sol-gel method is cheap, simple and easy
and does not require strict controls on pressure and
temperature. In addition, it is also applicable for the mass
production of thin or thick films.

Sols and gels are two forms of colloids. A sol is a
colloidal suspension of solid particles in a liquid, whereas a
gel is a colloidal suspension of liquid droplets in a solid. A
sol-gel process involves a transition from an “aqueous” sol
form to a “solid” gel form. In the sol-gel process, the
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precursors (starting compounds) for the preparation of a
colloid consist of a metal or metalloid element surrounded
by various ligands. For example, common precursors for
tungsten oxide include inorganic salts, such as WClg and
organic compounds such as W(OC,Hs). The latter are
called alkoxides and are the class of precursors most
widely used in sol-gel research. An alkoxide can be
prepared by reacting an inorganic salt with an alcohol. For
example, W(OC,Hs) can be obtained by reacting the
inorganic salt WClg with ethanol. An acid or base catalyst
such as NH4OH, HNO; or H,SOy, is usually added to
influence the hydrolysis and condensation rates and the
structure of the condensed product [22].

Most gels are amorphous, even after drying, but many
crystallize when heated. Therefore high temperature
calcination and hydrothermal processes are frequently
used to obtain crystalline nanomaterials after a sol-gel
process. Calcination is a thermal treatment process that
affects thermal decomposition, phase transitions, structure
formation, and removal of volatile materials. Hydrother-
mal processes utilize pressurized steam to crystallize and
form the desired shape, size and structure of the
nanomaterial. It works at relatively low temperatures, is
simple to operate and results in high sample homogeneity
and quality. However it takes a longer time to carry out the
process than calcination does. Recently hydrothermal
processes carried out in a microwave device have helped
in reducing the time without reducing the quality of the
synthesized material [10,21].

Various precursors such as ammonium metatungstate
[(NH4)10W 12041 -xH,0] [5,15], WCl [6], Na; WO, -2H,0
[10], WOClIy [15], and Na, WOy, [23] have been employed
to synthesize WO; nanomaterials via sol-gel methods.
Each precursor results in a different structure and
morphology of WO3 which effect how the material can
be applied. According to Wang et al. [6], a WOs;
nanocrystalline material produced by tungsten alkoxide
W(OR)¢ from a WClg precursor showed good sensing
performances for O3 and NO,. In addition, the synthesis of
WO; by a sol-gel process using WClg as the precursor
required a relatively short time (a maximum of 24h)
compared to that when tungsten metatungstate was used as
the precursor [24] (which needed a week).

Wang et al. [6] synthesized WOj3 via a sol-gel method
using a WClg precursor and calcined the gel which had
been spin-coated on top of alumina wafers at different
temperatures (350°C—650°C) for 1h. Although many
papers have reported hydrothermal processes on WOs,
which has been prepared from various precursors, there are
few papers that have reported the application of a
hydrothermal method to produce WO5; nanomaterials
from a sol-gel method using a WClg precursor. Therefore,
this paper reports the synthesis of WO;3 nanomaterials via a
sol-gel method using WClg and C,HsOH as the precursors
followed by calcination or hydrothermal treatment. X-Ray
diffraction (XRD), scanning electron microscopy (SEM)
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and high resolution transmission electron microscopy
(HRTEM) were used to characterize and compare the
structures and morphologies of the resulting nanomater-
ials. Energy dispersive X-ray spectroscopy (EDX) was
used to analyze the chemical composition of the materials.

2 Experimental methods
2.1  WOj; synthesis by sol-gel process

A sol—gel process adopted from Wang et al. [6] was used to
produce tungsten (VI) oxide (WO;5) nanomaterials. The
tungsten alkoxide precursor was prepared by first mixing
7 g of tungsten (VI) hexachloride (WClg) (Acros Organics)
with 100 mL of ethanol (C,HsOH) (Merck). Then 10 mL
of 0.5 mol- L™ ammonia hydroxide (NH;OH) solution was
added dropwise to the precursor solution and stirred for
24 h under ice cooling to carry out the hydrolysis and
condensation processes. The chloride ions were removed
from the precipitate by washing with de-ionized-water and
centrifuging until no white AgCl precipitate appeared
when titrated with 0.1 mol- L™ silver nitrate solution. The
washed precipitate was then peptized with a solution of
ammonia hydroxide and 50 plL of surfactant (Triton X-
100). In this batch process, 100 mL of tungsten trioxide
containing sol was obtained.

2.2 Thermal treatments

Two different thermal treatments were used to obtain
nanocrystalline WO;: calcination and hydrothermal treat-
ment. For the calcination, the WO; gel was placed in a
covered alumina crucible and calcined in a furnace under
atmospheric air at 300°C, 400°C, 500°C or 600°C for 1 h.

For the hydrothermal treatment, the WO5 gel was placed
in a 50 mL-Teflonlined stainless steel autoclave and heated
in a furnace under atmospheric air at 200°C for 12, 16, 20
or 24h. In addition, the gel was heated at different
temperatures (160°C, 180°C, and 200°C) for 12 h. The wet
sample from the hydrothermal treatment was dried at
100°C for 1 h to remove the moisture.

For both types of thermal treatments the samples were
slowly cooled to room temperature in the furnace. This
method allows the particles to become well ordered and
results in crystalline solids.

2.3 Material characterization

The surface morphology and particle size of tungsten oxide
were examined using scanning electron microscopy (Zeiss
EVO MA 10), transmission electron microscopy (JEOL
JSM-1400) and high resolution transmission electron
microscopy (FEI Tecnai G?) with energy dispersive X-
ray spectroscopy for chemical analysis. The particle sizes
in the WO; powder were measured by using the SEM or
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HRTEM scale bars. The crystalline structure and crystallite
sizes were determined using X-ray diffraction measure-
ments (Philips X-Pert XMS) with a Cu Ka source with a
wavelength of 1.54056 A.

3 Results and discussion

The color of the WO3 powder depended on the calcination
temperature and on the hydrothermal holding time. The
calcinated powders were brown, dark brown, green or
greenish yellow at 300°C, 400°C, 500°C and 600°C
respectively; and were dark blue or blue for hydrothermal
holding times of 12 — 16 h and 20 — 24 h, respectively. In
terms of particle size, a higher calcination temperature was
more effective in eliminating large agglomerates in the
powder, resulting in finer and looser powders; and a
prolonged hydrothermal holding time increased the
amount of granular powder.

Figure 1 shows the secondary electron SEM images of
the WO3 nanomaterial surfaces after calcination at 300°C,
400°C, 500°C and 600°C. Obviously the WO3 nanopar-

ticles have grainy shapes and tend to form aggregations. As
seen in Fig. 1(a) a cluster (which appears as a circle),
consists of 820 small particles. However, as the
temperature increased, the aggregation and particle sizes
tended to decrease. At lower temperatures, the water
molecules, other volatile materials such as HCI, C,HsOH,
and NH4,OH, and the surfactant bond to some WO,
particles to make clusters. At higher temperatures, these
substances are vaporized and removed from the WO,
powder and hence the amount of aggregation and particle
sizes were reduced.

Houx et al. [21] reported the same trend of particle sizes
decreasing with increasing synthesis temperature. Wang et
al. [6] also obtained the same shapes of WO3 nanomater-
ials as shown in Fig. 1, but their particle sizes tended to
increase with increasing temperature since their materials
were spin-coated on top of alumina wafers for sensor
applications.

Figure 2 shows the secondary electron SEM images of
WOj3; nanomaterials after hydrothermal treatment at 200°C
with holding times of 12, 16, 20, and 24 h. These results
are different from those shown in Fig. 1. In Fig. 2(a), the

Fig. 1 Secondary electron SEM images of WO; nanomaterials after calcination at different temperatures (a) 300°C, particle sizes: 277—
780 nm, (b) 400°C, particle sizes: 137-550 nm, (c) 500°C, particle sizes: 50-500 nm and (d) 600°C, particle sizes: 25-125 nm. The circles

indicate clusters of particles
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Fig. 2 Secondary electron SEM images of WO3 nanomaterials after hydrothermal treatment at 200°C for holding times of (a) 12 h, (b)

16h, (c) 20 h, and (d) 24 h

WOs; nanomaterials have thin rectangular shaped trans-
parent flakes with particle sizes of 0.4-3 um and
thicknesses of ~ 100 nm. As the holding time increased
the particle size and thickness became larger and therefore
the particles formed aggregates and finally lost their shapes
at a holding time of 24 h as shown in Fig. 2(d). Because of
the reaction kinetics, prolonging the reaction time helped
the solid particles grow larger. The particle sizes and
thicknesses are listed in Table 1.

The SEM images of the WO; synthesized by a sol-gel
method followed by hydrothermal treatment at 160°C,
180°C, or 200°C for 12 h is shown in Fig. 3. The shapes of

the materials are similar to those in Fig. 2. The rectangular
flakes became bigger as the temperature increased. This is
expected since higher temperatures give more energy for
solid particles to grow. The sizes and thicknesses of the
particles are shown in Table 2.

Figure 4 shows the XRD patterns of the WO;
nanomaterials after calcination at 300°C, 400°C, 500°C
or 600°C. The structure is hexagonal at 300°C and 400°C
and changes to monoclinic at 500°C and 600°C. The
crystalline planes were identified using JCPDS hexagonal
card No. 85-2459 [25] with corresponding lattice para-
meters of @ = b =7.324 A and ¢ = 7.662 A and monoclinic

Table 1 WO; nanomaterials particle sizes after hydrothermal treatment at 200°C with different holding times

Holding time/h 12 20 24
Particle size/pm 0.4-3 0.4-3.5 0.5-4 0.5-4.2
Particle thickness/nm ~ 100 ~ 150 ~200 ~ 300

Table 2 Particle sizes of WO; nanomaterials after hydrothermal treatment at different temperatures with a holding time of 12 h

Temperature/°C 160 180 200
Particle size/pm 0.4-2 04-22 0.4-3
Particle thickness/nm ~70 ~90 ~ 100
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Fig. 3 Secondary electron SEM images of WO; nanomaterials after hydrothermal treatment with a holding time of 12 h at (a) 160°C, (b)

180°C, and (c) 200°C
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Fig. 4 XRD patterns of WO; nanomaterials after calcination at
300°C, 400°C, 500°C and 600°C
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Fig. 5 XRD patterns of WO; nanomaterials after hydrothermal
treatment at holding times of 12, 16, 20, and 24 h
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card No. 83-0950 [26] witha=7.3 A, b=7.538 Aand c =
7.689 A. Liu et al. [5] found similar results for their WO,
nanomaterial which was synthesized by a hydrothermal
process using ammonium metatungstate and oxalic acid.
Initially, their products were dried at 60°C and had a
hydrate WO; (WO5-0.33H,0) orthorhombic structure
(based on XRD measurements). However, when the
products were annealed at higher temperatures they
transformed into hexagonal structures at 350°C and 450°
C and monoclinic structures at 550°C.

Generally, the XRD patterns shown in Fig. 4 are sharper

and more intense as the calcination temperature increases.
At 300°C and 400°C, the peaks are broader and have lower
intensities which indicates a semicrystalline material. This
behavior originates from the crystalline water and volatile
material in the WOj3. At higher temperatures, the water and
volatile materials disappear. Therefore, the WO5 materials
calcined at 500°C and 600°C have crystalline structures as
shown in their XRD patterns.

The XRD patterns for WO; calcined at 300°C and
400°C show three dominant crystalline plane orientations:
(002) at 26 =23.197°, (200) at 20 = 28.113°, and (202) at

Table 3 Crystallite sizes of WO; nanomaterial after calcination at different temperatures

Temperature/°C 300

500 600

Crystallite size/nm 7.31

9.92

20.4 28.36

Table 4 Crystallite sizes of WO5 nanomaterials after hydrothermal treatment at 200°C with different holding times

Holding time/h 12

20 24

Crystallite size/nm 60.6

51.6

448 9.6

Fig. 6 Bright-field TEM images of WO3 nanomaterials (a) before and (b) after calcination at 600°C, and (c) before and (d) after

hydrothermal treatment at 200°C for 12 h
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260 =36.757°, and those calcined at 500°C and 600°C also
show three dominant crystalline plane orientations: (002)
at 26 = 23.117°, (020) at 26 = 23.583°, and (200) at 26 =
24.367°.

The crystallite sizes (D in nm) in the materials was
calculated by Scherrer formula:

0.94
b= Bcos 0 M
where 2 is the wavelength of the X-ray radiation (nm), B is
the full width at half maximum, FWHM (radian), and 6 is
Bragg’s angle (degree) [27].

Table 3 lists the crystallite sizes of the WO; nanomater-
ials synthesized at different calcination temperatures. The
crystallite sizes increased as temperature increased. Wang
et al. [6] also found that the crystallite sizes increased with
increasing calcination temperatures from 350°C, 450°C,
550°C to 650°C with sizes of 9.3, 16.4, 17.1 and 30 nm
respectively.

(a)

5 nm
—
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Figure 5 shows the XRD patterns of the WO;
nanomaterials after hydrothermal treatment at holding
times of 12, 16, 20, and 24 h. Compared to the XRD
patterns in Fig. 4, especially those for calcination at 500°C
and 600°C, the intensities shown in Fig. 5 are lower. Hence
the structures of the hydrothermally treated WO; are
semicrystalline. The indications for this low crystallinity
are more obvious at longer holding times since the peaks
become broader and are less intense. This is consistent
with the SEM observations in Fig. 2 which shows more
irregular shapes and coagulation as the holding time
increases. A hydrothermal process is a “wet” process
which utilizes the moisture content in the material to
generate steam which helps form the structure and shape of
the material. Therefore the resulting material is still slightly
“wet”, even after drying which leads to a material with low
crystallinity.

The change in structure from hexagonal (held for 12, 16,
and 20 h) to monoclinic (held for 24 h) can be seen in

y

"'T[ZLE&E*I nm d[202]

Fig. 7 Bright-field TEM images of WO; materials calcined at 600°C. (a) a WOj cluster, (b) higher magnification of the square region in

(a), (c) magnified WO; image taken from the square region in (b)
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Fig. 5. The planes (100) at 13.95° and (200) at 28.113°
dominate the hexagonal structure. These planes are
probably reflections from the horizontal surfaces of the
rectangular flakes seen in Figs. 3 and 4. A similar
hexagonal structure for WO;z; nanomaterials has been
reported by Ha et al. [14] for materials prepared from
sodium tungstates, sodium or ammonium EDTA salts and
sodium sulfate using a hydrothermal process at 180°C for 4
— 12 h. This hexagonal phase of WO; was first identified in
the early 1980s [28].

The Scherrer formula (Eq. (1)) was employed to
calculate the crystalline sizes in the samples hydrother-
mally treated at different holding times and the results are
tabulated in Table 4. Obviously, longer holding times result
in smaller crystalline sizes.

WO; has a perovskite crystal structure and displays
polymorphism such as simple cubic, monoclinic, orthor-
hombic, triclinic, tetragonal, and hexagonal as a function
of temperature [7,28,29]. As discussed above, in this
research, two different WOj3 structures were obtained
(hexagonal and monoclinic).

The stable phase of WO; at room temperature is
orthorhombic or monoclinic whereas the hexagonal
phase is metastable [30]. Some papers have reported
different applications for the various WOj; crystalline
structures. For example, Liu et al. [5] used an orthorhom-
bic WO3; hydrate which changed to hexagonal and
monoclinic WO; upon annealing and could then be used
as an NO, gas sensor. Wang et al. [6] and Su et al. [8]
obtained WO; with monoclinic structures and applied the

materials as NO,, acetone and alcohol gas sensors. WO;
nanomaterials with triclinic structures have been synthe-
sized and applied as electrochromic and optical devices by
Deepa et al. [9] and Ozkan et al. [12], whereas those with
hexagonal structures, which have open-tunnel structures
and intercalation chemistry [30], have been obtained and
applied as electrochemical capacitors by Chang et al. [10].

Figure 6 shows the TEM images of WO; nanomaterials
before and after calcination at 600°C and before and after
hydrothermal treatment at 200°C for 12 h. From Figs. 6(a)
and (b), it is seen that a particle with a diameter of 10—
60 nm actually consists of several smaller nanomaterials
with 4-10 nm diameters. Figures 6(c) and (d) show thin
rectangular transparent flakes that consist of several 10 nm
X 2 um nanotubes.

High-resolution bright-field TEM images of WO;3
calcinated at 600°C are shown in Fig. 7. Figure 7(a)
displays a cluster of WO3 nanomaterials which consists of
about 37 particles with diameters of 40—100 nm. Figure
7(b) shows a higher magnification of the region inside the
square in Fig. 7(a). Another region (marked with a square)
in the WO; lattice in Fig. 7(b) was selected for further
observation. The magnified lattice image in the square
region clearly displays the lattice spacing of WO;5 (002),
and that of WO5 (202), as shown in Fig. 7(c). These results
are consistent with the XRD patterns in Fig. 4 which also
show (002) and (202) plane orientations.

The chemical analysis using EDX is shown in Fig. 8 and
indicates that the synthesized nanomaterials contained only
W and O with no impurities. The Cu signal was generated

w

800 o

600+

Counts

4004

200+

m EDX{eds-2 ixt)

10 15

Energy/keV

Fig. 8 EDX spectra of WO; taken from the area in Fig. 7(a)
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by copper film grid and the Fe and Co signals were
generated by the TEM holder.

4 Summary

WO; nanomaterials with hexagonal and monoclinic phases
were synthesized by a sol-gel method using WClg and
C,HsOH precursors followed by calcination or hydro-
thermal treatments. The calcination and hydrothermal
temperatures and the hydrothermal holding time affected
the structure, morphology and size of the material. The
WO; nanomaterials that were calcinated had granular
shapes, whereas those that were treated hydrothermally
had rectangular flake shapes. Calcination at temperatures
higher than 400°C led to better crystallinity of the material
and hydrothermal treatment resulted in semicrystalline
materials.
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