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Abstract. Different tungsten oxide nanocrystals were synthesized via a facile hydrothermal pro-
cess — one step and free of additives - at different reaction temperatures and in a highly acidic
environment. The phase transformation of samples, followed by the change of morphology and
optical band gap, was observed as the reaction temperature varied from room temperature (23°C)
to 220°C. The crystal phase transformed from monoclinic WO3 -2H, O to orthorhombic WO3 - H, O,
then to monoclinic WOz when the reaction temperature increased from room temperature to 100°C,
then to 220°C, respectively. Corresponding to the phase transformation, the optical band gap in-
creased from 2.43 eV to 2.71 eV, and the morphology varied from nanoplate to nanocuboid. The
effect of the reaction temperature on the phase transformation was assigned to the dehydration
process, which became stronger as the reaction temperature increased. These results gave an
insight into the phase transformation and implied a simple method for manipulating the crystal
phase and morphology of tungsten oxide nanostructures for various applications.

Keywords: Tungsten oxide; phase transformation; reaction temperature; optical band gap; facile
hydrothermal method.

Classification numbers: 81.16.-c; 81.40.-z; 78.67.-n; 64.70.Nd.

I. INTRODUCTION

Among various metal oxide semiconductors, tungsten oxide (WQ3) is one of the most stud-
ied materials due to its high potential for various applications in monitoring and processing envi-
ronment, harvesting and/or saving energy such as gas sensors [1, 2], electrochromic devices [3],
photocatalysis [4, 5], energy-related applications [6, 7], surface-enhanced Raman scattering [8]. ..
Recent developments in designing and controlling WOj3 nanostructure preparation have made
these potentials more appealing for researchers and engineers [1-10]. Up to now, tungsten ox-
ide has been prepared by various methods, which can be named as sol-gel [11], physical vapor
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deposition [12], pulsed laser deposition [13], solvothermal [14], hydrothermal [9, 15], or elec-
trospinning [16]... Among them, the wet chemical method, especially the hydrothermal method,
is the most used because of its advantages such as simple, cost-effective, good crystallized, and
homogeneous products, and could meet the requirement for bath products [17].

In the facile hydrothermal treatment — one-step and free of additives, several processing
parameters that could be used as controlling parameters such as the acidity [9, 18, 19], reaction
time [18,20,21], reaction temperature [18,22-24]. By varying these parameters, researchers could
manipulate the crystal structure and morphology of the products, which then affected the potential
for applications. For example, Jamali et al. [9] studied the effect of the acidity (in moderate range
with pH= 1+2.5), reaction time, and post calcination on WOj3 nanostructures prepared via the facile
hydrothermal method. Wang et al. [19] tuned the morphology of tungsten oxide by varying the
pH of the precursor solutions in hydrothermal treatment but the phase transformation was not ob-
served. Adhikari and co-workers [18] studied the effect of both acidity (using different fluoroboric
acid concentrations - 2 M to 5 M), reaction time (0 to 8 hours), reaction temperature (160-200°C)
on the phase transformation and morphology of WOj3 prepared via hydrothermal route, but in
this work, they used a complicate washing and drying processes. Zhang et al. [22] reported the
phase transformation and the change of morphology when they varied the HNO3 concentration
and hydrothermal temperature (but at only two temperatures of 120 and 180°C). Recently, Liu and
co-workers [23] investigated the effect of the hydrothermal temperature (in the range from 120 to
200°C) and time (12h-32h) on the crystal structure, morphology, and visible-light-driven photo-
catalysis of WO3 products, but in their work, no phase transformation was observed due to the
post calcination at 600°C. Tehrani et al. [21] studied the effects of reaction time on the morphol-
ogy and phase transformation of tungsten oxide nanostructure prepared by a facile hydrothermal
route but only at 180°C. Liu and co-workers [23] prepared WOs3 1-D nanorods by hydrothermal
method at different temperatures and reaction times, but no phase transformation was reported.
In our previous work, we studied the effect of reaction time on the phase transformation of tung-
sten oxide prepared by a facile hydrothermal route in a highly acidic environment, but only at
180°C [20]. Based on the above results and a literature survey, there is still a lack of a systematic
study about the effect of reaction temperature on the phase transformation of WOj3 prepared via a
facile hydrothermal route, especially in a highly acidic environment. The systematic study could
give an insight view into the phase transformation, which then benefits the design and controlling
prepare the phase junction. It is noteworthy that, recently, phase junction is an effective structure
to promote the electron-hole separation for carrier-driven phenomena like photocatalyst or water
splitting [25-27].

This work is an effort to systematically study the effect of reaction temperature on the phase
transformation of tungsten oxide nanostructures prepared via the hydrothermal route in a highly
acidic environment. The reaction temperature was varied in a wide range from room tempera-
ture (RT) to 220°C. The physical properties, i.e., crystal phase, the morphology, characteristic
bonding on the surface, and the optical band gap, were examined with X-ray diffraction (XRD),
field emission scanning electron microscopy (FESEM), Raman scattering, and diffuse reflectance
spectroscopy (DRS) data. The mechanism of the crystallization and the growth process were also
discussed to give an insight into the effect of reaction temperature on the phase transformation.
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II. EXPERIMENT
II.1. Material preparation

In this work, all chemicals are at reagent grade and were used as received without any
further purification. The preparation process of tungsten oxide nanostructures was detailed as
follows: dissolving 8.25 g of Na;WO4 - 2H>0 (99.5%, Xilong) in 25 ml bi-distilled water to ob-
tain 25 ml of Na,WO4 1M solution; adding gradually 45 ml HCI1 (37 wt.%, Xilong) then 15 ml
bi-distilled water into NayWO, solution under intensely magnetic stirring to get the precursor
suspension. The precursor suspension was stirred vigorously for 4 hours, then put into a 100-ml
Teflon-lined stainless-steel autoclave to carry out the hydrothermal progress for 12h at different re-
action temperatures in the range from RT (23°C) to 220°C. The pH value of the precursor solution
was - 1.1 measured by pH meter Hanna HI2020-02, which confirmed the highly acidic environ-
ment of precursor suspension. After 12h of hydrothermal process, the agglomerate product was
collected and cleaned with bi-distilled water several times. The cleaned aggregation was dried
in ambient air at 80°C for 24 h, then ground into powder for further analysis and measurement.
The samples were named via reaction temperatures, i.e., RT, T100, T120, T150, T180, T200,
and T220 corresponding to the reaction temperatures at RT, 100, 120, 150, 180, 200, and 220°C,
respectively.

I1.2. Analysis

The morphology of samples was investigated via analyzing FESEM images measured
by field emission scanning electron microscope JEOL JSM-7600F. Analyzing the XRD pattern
recorded by X’pert Pro (PANalytical) MPD using Cu-Ko radiation (A = 1.54065 A) was used
to examine the crystalline properties of samples. XRD analysis was carried out using HighScore
Plus software using the ICDD database. Raman spectroscopy, acquired by the Renishaw Invia
Raman Microscope with 633 nm laser light, was used to study characteristic vibrations on
samples’ surfaces. The DRS measured by the diffuse reflectance spectrometer JASCO V-750
was used to study the optical properties of samples.

III. RESULTS AND DISCUSSION

III.1. FESEM analysis

Figure 1 presents the FESEM images of all samples, which implied a variety of morphol-
ogy from nanosheet to nanocuboid as the reaction temperature increased. In detail, the sample
prepared at RT (sample RT) had nanoplate morphology with sharp edges and a thickness of ap-
proximately 10 nm (Fig. 1a), but these nanoplates were notably aggregated together. As the reac-
tion temperature increased to 100 and 120°C (samples T100 and T120), the nanoplate morphology
was also obtained but with a rectangular shape, smooth edges, and well separated (Figs. 1b and
1c). The nanoplates in samples T100 and T120 had an average thickness of about 20 and 26 nm,
respectively, which seems to increase with reaction temperature. When the reaction temperature
increased to 150°C (sample T150), besides nanoplate morphology, nanocuboid morphology was
also observed (Fig. 1d). The nanocuboid morphology became dominant and completely domi-
nated in samples prepared at higher temperatures (samples T180, T200, and T220 in Figs. le, 1f,
and 1g, respectively). It is noteworthy that the average dimension of nanocuboid increased when
reaction temperature increased from 180°C (~ 42 nm) to 200°C (~ 53 nm) and then decreased as
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reaction temperature increased further to 220°C (about 43 nm). The variation of morphology from
sharp nanoplate to smooth rectangular plate and then to nanocuboid with the increase of reac-
tion temperature implied a simple method to prepare tungsten oxide nanostructure with designed
morphology.

Fig. 1. FESEM images of samples prepared at different reaction temperatures: samples
(a) RT, (b) T100, (c) T120, (d) T150, (e) T180, (f) T200 and (g) T220.
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IIL.2. XRD analysis
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Fig. 2. (a-b) XRD patterns of the temperature-mediated samples, (¢) XRD pattern of
RT compared with standard pattern ICDD-01-084-0886 and ICDD-00-018-1420, and (d)
XRD pattern of RT compared with standard pattern ICDD-01-084-0886 and ICDD-01-

072-0677.

The XRD patterns of all samples are shown in Figs. 2a and 2b, which exhibit the variation
of crystal properties of samples with reaction temperature. XRD analysis using HighScore plus
software indicated that there were two phases of tungsten oxide in RT sample, i.e., monoclinic
WO;3 - 2H,0 (ICDD 00-018-1420, space group P2/m, a=7.50 A, b=6.93 A, c=3.70A, a =
¥Y=290° and B = 90.5°) and orthorhombic WO3-H,O (ICDD 01-084-0886, space group Pmnb,
a=524A,b=10.71A,c=5.13 Aand a = B = y=90°), as shown in Fig. 2c. As the reaction
time increased to 100 and 120°C (samples T100 and T120), only orthorhombic WO3-H,O was
observed in the samples (Fig. 2a). When the reaction time increased further to 150°C, besides
the appearance of orthorhombic WO3-H,O0, the signal of monoclinic WO3 (ICDD-01-072-0677,
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space group P21/n,a=731A,b =754 A, c =792 A, a = y=90° and B = 90.881°) was also
recorded (Fig. 2d), which implied a phase transformation from the orthorhombic WO3-H;O to
monoclinic WO3 as reaction temperature increased from 120 to 150°C. The phase transformation
was also observed in the XRD pattern of the sample prepared at 180°C ( sample T180 — Fig. 2b)
and only completed when the reaction temperature reached 200°C. In the XRD patterns of the
sample prepared at 200°C and higher temperatures (samples T200 and T220), only a characteristic
peak of monoclinic WO3 was observed. In all samples’ XRD patterns, no signal of impurity was
observed, and the XRD intensity decreased in samples having phase transition (RT, T120, T150,
and T180). Based on XRD results, it is evident that when the reaction temperature increased
from RT to 220°C, the crystal phase tungsten oxide transformed from monoclinic WO3 - 2H,O to
orthorhombic WO3-H,0, then to monoclinic WO3. The phase junction between orthorhombic and
monoclinic could be obtained at reaction temperatures of 120, 150, and 180°C.

The single-phase monoclinic samples (T180, T200, and T220) were further evaluated by
using Williamson — Hall method (Eq. (1)) [28, 29]:

B xcos(@)o'd% +2¢ xsin(0), (1)

where B (rad) is the full width at half maximum of the peak at the diffraction angle 26 (rad), A
(nm) is X-ray wavelength, € (%) is the micro-strain, and d (nm) is the average crystalline size.
The average crystalline size and micro-strain were inferred from the linear fit of data 3 x cos(0)
vs. sin(0). The extrapolated crystalline size and microstrain of monoclinic samples are presented
in Table 1. It is noteworthy that when the reaction temperature increased from 180 to 200°C,
the average crystalline size increased with the microstrain, which implied a higher crystallinity in
sample T200 — in accord with the higher XRD signal. When the reaction temperature increased
further to 220°C, the crystalline size and microstrain oppositely decreased, which was assigned to
the breaking of WO3 nanocuboid into smaller nanocuboid as observed in FESEM analysis.

Table 1. Extrapolated crystalline size and microstrain of monoclinic samples.

Sample T180 T200 T220
Average crystalline size (nm) 35.6 44.9 334
Microstrain (%) 1.0 1.2 0.9

II1.3. Raman analysis

Raman spectroscopy is a sensitive method for studying the crystallinity and the phase trans-
formation of nanostructured materials. Fig. 3 presented Raman spectra of all samples, which
implied the change of samples’ phase with the reaction temperature. In sample RT’s Raman spec-
trum, the characteristic peaks of both monoclinic WOj3 - 2H,0 and orthorhombic WO3-H;0O were
observed at 658, 945, and 956 cm~! [30-32]. In Raman spectra of sample T100, only charac-
teristic peak of orthorhombic WO3-H,O appeared, but in Raman spectra of samples T120, T150,
and T180, the characteristic peaks of both orthorhombic WO3-H,O (at 638 and 945 cm™!) and
monoclinic WO3 (at ~ 711 and 806 cm~!) were observed [16—18]. In samples prepared at higher
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temperatures (T200 and T220), only characteristic peaks of monoclinic WO3; were observed. No-
tably, that the Raman signal of monoclinic WOj3 increased relatively in comparison with the Ra-
man signal of orthorhombic WO3-H;O as reaction temperature increased (in samples T120, T150,
and T180), and the Raman signal is higher in the sample prepared at higher reaction temperature
(Fig. 3b). These results confirmed the phase transformation of samples with the reaction tempera-

ture, which is in accord with the XRD result.
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Fig. 3. Raman spectra of samples: (a) RT, T100, T120, and T150; (b) T180, T200, and T220.

II1.4. Phase transformation mechanism
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Scheme 1. Formation and transformation from WOj3 - 2H,0 to WO3-H,O and WO3
via oxolation and dehydration processes.
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The transformation from monoclinic WO3 - 2H, O to orthorhombic WO3-H»O, then to mon-
oclinic WO3 could be explained by the oxolation and dehydration reactions during the hydrother-
mal process in a highly acidic environment (Scheme 1) [15,17-20]. In brief, tungstic acid (H,WO4)
was initially formed via Eq. (2) by pouring HCI into Nay WO, solution at the beginning of the pre-
cursor solution preparation [1,21]:

Na,WO, + 2HCl — 2NaCl"Ho WOy, ()

In a highly acidic environment, tungstic acid interacts with water molecules and transforms into
the complex structure [WO(OH)4(OH,)] like octahedra with four [-OH] groups in the equator
plane (Eq. (3)) [10,33]:

Solvent,Hight[H™]
BaRA L N

H, WO, +2H,0 [WO(OH), (OH,)]. 3)

These [WO(OH)4(OH»)] complex structures will then aggregate via oxolation reaction to form
monoclinic WOj3 - 2H, 0 and orthorhombic WO3-H,O structures even at RT (Egs. (4) and (5)) [10,
33-35].

Solvent, High[H ]
—_—

[WO(OH),(OH>)] WOj3 - 2H,0 + H,0, (&)

[WO(OH)4(OH2)] Solvent, High[H "]

The oxolation reaction happens more strongly when the hydrothermal process starts, es-
pecially in a highly acidic environment. The high ion [H"] concentration platform in the highly
acidic environment creates a high electric field environment, which then vigorously promotes the
oxolation process at RT. When the reaction temperature increased, the dielectric constant of wa-
ter decreased, resulting in the increase of the electric force [36,37], which then pushed octahedra
close together and triggered the dehydration process. The monoclinic WO3 - 2H,O was dehydrated
to form orthorhombic WO3-H,O (in samples T100 and T120) via Eq. (6), and the orthorhombic
WOs3-H,O was driven to transform into the monoclinic WOj3 structure (in samples T150, T180,
T200, and T220) during the hydrothermal process (Eq. (7)).

WO;3-H,O + 2H,0, ®))

WOj; - 2H,0 25 W, H,0 + H,0, (6)
WO; - HyO S w1 H,0, )

Note that, the oxolation process occurring on the equator plane results in crystal growth
through the preferential shape of the plate with a preferential growth direction (010) in monoclinic
WOs3 - 2H;0 and orthorhombic WO3-H;O. While during the dehydration process, in the homoge-
neous [H'] ion platform, the electric force tends to support the growth equally in the [200], [020],
and [002] directions and results in the nanocuboid morphology [20,38]. In sample T150, the phase
transformed from orthorhombic WO3-H,O to monoclinic WO3, so both nanoplate and nanocuboid
appeared in the sample. Due to the beginning of the formation of the monoclinic phase, the di-
mension of the monoclinic nanocuboid in sample T150 was smaller in comparison with the dimen-
sion of the nanocuboid prepared at higher reaction temperatures (samples T180, T200, and T220)
(Fig. 1). When the reaction temperature increased from 150 to higher temperatures (180, 200,
and 220°C), the dehydration also became stronger, which then promoted the growth of monoclinic
WO3 nanocuboid with larger dimensions. But when the reaction temperature reached 220°C, the
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electric force was strong enough to restrain/inhibit the growth of nanocuboid which resulted in the
smaller average dimension of nanocuboid and smaller microstrain. Moreover, when the reaction
temperature increases, the saturated vapor pressure of water in the hydrothermal process increases
which then caused a decrease in the products’ size [39,40]. It is notable that the effect of the
saturated vapor pressure on products’ size becomes evident only when the phase transformation
completes — at the high reaction temperatures (200 and 220°C).

IIL.5. Optical properties

UV-Vis diffuse reflectance spectra of samples (Fig. 4) were used to evaluate the optical
properties. The UV-Vis results showed that the absorption edge of all samples was in the visible-
light region and was gradually blue-shifted towards shorter wavelengths as hydrothermal temper-
ature increased. The blue shift of the absorption edge was assigned to the phase transformation of
the sample with the increase in reaction temperature.
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Fig. 4. Diffuse reflectance spectra of samples.

To evaluate the optical band gap of samples, the derivative of the Kubelka—Munk equation

(Eq. 8) was used [29]:
d{InF(R)xhv}  n %)

d(hv) ~ hv—E’ (

where F(R) is the function of reflectance determined from diffuse reflectance R via the formula
F(R) = (1—R)*/2R, hv is the energy of the incident photon, and n = 1/2 and 2 for direct and
indirect allowed recombination, respectively [29]. The optical band gaps E, of the samples were
extracted from the plot of d{In[F(R)hV]}/d(hv) versus hv without depending on the value of n
(Fig. 5). The results indicated the tendency of changing the optical band gap of the samples. In
detail, samples RT, T100, T120, and T150 had an optical band gap of ~ 2.40 eV, sample T180
had an optical band gap of ~ 2.53 eV, while other samples (T200 and T220) had the optical band
gap of 2.70 eV. Notably, all observed optical band gap values are in the visible range. The mod-
erate optical band gap value of samples RT, T100, T120, and T150 (~ 2.40 eV) was assigned to
the orthorhombic WO3-H;O structure which took the main part in these samples [41-44]. The
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large optical band gap of ~ 2.70 eV of samples T200 and T220 was assigned to the monoclinic
WO3 which is similar to the values reported elsewhere [18,45—47]. The abnormally optical band
gap value (2.53 eV) of sample T180, which was in the middle between the values of orthorhombic
WO3-H,0 (2.40 eV) and monoclinic WO3 (2.70 eV), was assigned to the strong phase transforma-
tion (the transition of DRS spectra — Fig. 4) from orthorhombic to monoclinic at this temperature.
These results also conformed to the phase transformation observed in XRD and Raman analysis.
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Fig. 5. Derivative plots of samples prepared at different reaction temperatures.

IV. CONCLUSION

Tungsten oxide nanostructures with different crystal phases were synthesized via a facile
hydrothermal method at different reaction temperatures without using any structure-directing agent.
The phase transformation of samples, followed by the change of morphology and optical band gap,
was observed as the reaction temperature increased from RT (23°C) to 220°C. In detail, the crystal
phase transformed from monoclinic WOs3 - 2H, O to orthorhombic WO3-H,O, then to monoclinic
WOj; as the reaction temperature increased from RT to 100°C, then to 220°C, respectively. Corre-
sponding to the phase transformation, the optical band gap increased from 2.43 to 2.71 eV, and the
morphology varied from nanoplate to nanocuboid. The phase transformation was assigned to the
oxolation and dehydration processes, which occurred in a high [H"] concentration environment
during the hydrothermal reaction. These results gave an insight into the phase transformation and
implied a simple method for manipulating the crystal phase and morphology of tungsten oxide
nanostructures for various applications.
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