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Abstract: Hexagonal tungsten trioxide (h-WQO3) has shown great potential for application in elec-
trochromic devices, gas sensors, battery electrodes, and as photo-catalysts. The h-WO3 structure
features a unique large network of open hexagonal channels that allow for intercalation. The hy-
drothermal synthesis of h-WO3 using sodium tungstate dihydrate as a precursor is widely explored,
however, the residual alkaline ions are difficult to eliminate during the synthesis. The solvothermal
synthesis using tungsten hexachloride as starting materials largely avoids the use of alkaline ions, but
the effect of various synthesis parameters is not well-understood yet. To resolve these ambiguities,
this study provides a reliable route to obtain h-WOj3 via solvothermal synthesis and dehydration
annealing. The effects of precursor concentration, water content, synthesis temperature, and syn-
thesis time, as well as dehydration temperature, on the as-synthesized crystal structure and crystal
morphology are studied.
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1. Introduction

Tungsten trioxide (WO3) is a polymorph material, and the various crystalline poly-
morphs of WOj are either stable or metastable. According to previous studies [1-3], at least
five traditional polymorphs for bulk WO; have been reported: ¢e-WO3 (space group: Pc),
5-WO3 (P1), y-WOj3 (P21 /n), B-WOj3 (Pbcn), and «-WO3 (P4/ncc). Further, a metastable
hexagonal polymorph (h-WOs3, P6/mmm) that exhibits a large network of open hexagonal
channels along the c-axis has been reported [3-31]. It has been shown that this characteristic
of h-WOs3 opens a wide range of applications in electrochemical, as well as in electrochromic
appliances [6,7], as gas sensors [7-10] and in photo-catalysis [11,12].

The h-WO; was first synthesized using an acid precipitation method of sodium
tungstate dihydrate [4]. Over the years, researchers have shown that h-WOj3 can be
obtained by a variety of methods: by hydrothermal treatment of alkaline tungstate hy-
drates [13-19], by hydrothermal treatment of peroxopolytungstic acid [20], by oxidation
of ammonium tungsten bronze [4,21,22], by sol-gel methods [23-26], by dehydration
of WO3-0.33(H,0) [27-29], by spray pyrolysis [32], or by solvothermal synthesis using
tungsten hexachloride (WClg) as precursor [30,31]. Among these methods, hydrothermal
synthesis with alkaline tungstate hydrates as precursor is most commonly used because of
its tunability to control particle size and morphology ranging from nanoparticle, nanowire,
and nanosheet, to nanotube. The crystal structure of the product powder during hydrother-
mal synthesis is significantly influenced by the pH value during synthesis [13-19]. Several
previous studies have shown that h-WO3; can be synthesized at pH values between 1.5 to
2.3 [13-16,18,19]. Ahmadian et al. [17] has shown that pH 2 and pH 4 can stabilize h-WQOj,
while at pH 3, WO3-0.5(H0) is dominant. In addition to pH, the presence of alkaline
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ions or ammonium ions is believed to play a role in stabilizing h-WOj3 [4,33]. As for the
particle morphology of h-WQ3, several articles have shown that this is largely controlled by
the templates, capping agent, or structure-directing agents (SDA), such as sodium sulfate,
potassium sulfate, oxalic acid, ferrous ammonium sulfate, sodium chloride, and cobalt
chloride [11,18,34-37].

Itis also feasible to obtain h-WOj3 by first obtaining WO3-0.33(HO) from hydrothermal
synthesis and then dehydration by subsequent annealing [4,22,27-29]. Marques et al. [18]
suggested that WO3-0.33(H20O) can be synthesized at pH 0.4-1.8, depending on the types
of SDA. Seguin et al. [28] studied the dehydration process of WO;3-0.33(H,0) and found
that WO3-0.33(H;O) first transforms to a super-metastable WOj3 phase at about 350 °C
and subsequently transforms to h-WO3 at around 380 °C. However, when the temperature
reaches ~500 °C, h-WQOj3 transforms into thermostable y-WOj3 [28]. The exact temperature
for this transition depends on the composition of h-WOj3 (e.g., sodium content, ammonium
ions content, and so on) [22].

A major challenge in hydrothermal treatment is the difficulty in controlling the amount
of alkaline ions or ammonium ions in h-WOj [4]. These ions originate from precursors or
SDA and are believed to play a role in stabilizing h-WO3 [4,20,33]. In other words, it seems
impossible to obtain pure h-WQOj3; from hydrothermal synthesis. Solvothermal synthesis
using WClg as precursor can obtain h-WOj3 free from alkaline ions [8,30,31]. Choi et al. [30]
has shown that h-WO3 can be directly synthesized by solvothermal synthesis with WClg as
precursor and a water/ethanol mixture solution as solvent with a water content between
2 vol% and 10 vol%. However, Chacén et al. [31] point out that the solvothermal synthesis
product is WO3-0.33(H,O) rather than h-WO3 under the condition mentioned in Choi et al.
(i.e., [WClg] = 0.0125 M-0.014 M, [H,O] = 10 vol%) [30]. Also, the effects of precursor
concentration, reaction temperature, and reaction time are still not well-understood yet.

To address these open questions, we here present a systematical study on solvothermal
synthesis using WClg as precursor and a mixed water/ethanol solution as the solvent. The
effects of parameters such as water concentration, precursor concentration, synthesis tem-
perature, synthesis time, as well as annealing temperature, are studied systematically. The
results show that the solvothermal synthesis product can be either W1gO49, WO3-0.33(H,0O)
or y-WOj3 depending on precursor concentration and water content. h-WQOj3 is not observed
in the powder produced from solvothermal synthesis, but it is obtained by subsequently
annealing the WO;3-0.33(H,0) at 400-450 °C.

2. Materials and Methods
2.1. Materials Synthesis

The materials synthesis procedure is shown in Figure 1. The starting solution was
prepared by dissolving 4.9575 g WClg (Sigma-Aldrich, St. Louis, MO, USA) into 125
mL of anhydrous ethanol (Neta scientific Inc, Hainesport, NJ, USA) in an argon-filled
glove box to prevent hydration of the WClg ([WClg] = 0.1 M). The solution immediately
turned yellow as HCl vapor escaped from the container. Eventually, the solution turned
blue, ultimately reaching a deep green color after one week. Based on previous stud-
ies [38], the final (green) solution is a W,Cly(OC;Hs)g solution. For convenience, we
still use [WCl4] to denote the precursor concentration in this study, although WClg has
been transformed to W,Cly(OCyHs)e.

The final solution was prepared by mixing W,Cl4(OC;Hs)4 solution (starting solution),
anhydrous ethanol, and distilled water under magnetic stirring for 3 h. In order to prepared
the final solution with different precursor concentration ([WClg] = 0.01 M or 0.05 M) and
different water content (0 vol%, 5 vol%, 10 vol%, 20 vol%, or 50 vol%), the volumes of the
W, Cl4(OCyHs)g solution (starting solution), the final solution, and of the distilled water
are listed in Table 1. Then, the final solution was sealed, removed from the argon-filled
glovebox and was transferred into a 100 mL Teflon-lined hydrothermal pressure vessel.
The solvothermal synthesis was conducted at 200 °C for 12 h in an electric oven. After that,
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the as-synthesized material was centrifuged and washed with ethanol several times. The
powder was then allowed to dry at room temperature in a fume hood.

Stirring for one Mixing with distilled _—
week in a argon water and anhydrous f [ ]
WClg gas glove box ethanol Stirring for 3h

+ J— - —
EtOH Transferring to
autoclave

W, Cl4(0C,H;g)g solution Final solution
(starting solution)
Solvothermal
synthesis

Almealmg Cenmfugmg I
Washmg and '

drying
h-WOs WO5 - 0.33H,0

Figure 1. Schematic of solvothermal synthesis procedure.

Table 1. Details of samples 1-10: list of volumes of the W,Cl4(OCyHs)4 solution (starting solution),
the final solution, and the distilled water.

Sample Voo Ve . v [WClg] for Final Water Synthesis Synthesis
No. starting solution V final solution water Solution Content Temperature Time
1 5mL 50 mL 0mL 0.01M 0 vol% 200 °C 12h
2 5mL 50 mL 2.5 mL 0.01 M 5vol% 200 °C 12h
3 5mL 50 mL 5mL 0.01M 10 vol% 200 °C 12h
4 5mL 50 mL 10 mL 0.01M 20 vol% 200 °C 12h
5 5mL 50 mL 25 mL 0.01M 50 vol% 200 °C 12h
6 25 mL 50 mL 0mL 0.05M 0 vol% 200 °C 12h
7 25 mL 50 mL 2.5mL 0.05 M 5vol% 200 °C 12h
8 25mL 50 mL 5mL 0.05M 10 vol% 200 °C 12h
9 25 mL 50 mL 10 mL 0.05M 20 vol% 200 °C 12h
10 25 mL 50 mL 25 mL 0.05M 50 vol% 200 °C 12h
To study the effect of synthesis temperature and time on the synthesis of WO3-0.33(H,0),
50 mL of final solution containing 0.01 M of [WClg] and a water content of 10 vol% was
prepared. Then, the solvothermal synthesis was conducted at temperatures between 160 °C
and 200 °C and synthesis times between 3 h and 12 h, as listed in Table 2.
To study the dehydration process of WO;3-0.33(H,0), the WO3-0.33(H,0) powders
(sample no.3) were characterized by thermal gravimetric analysis (TGA) in an argon gas
environment. The TGA temperature ranged from room temperature to 750 °C, using a
heating rate of 5 °C/min. The annealing experiments were conducted in an electric oven
using sample no.3 as a starting material. The annealing temperatures were , ,
ing pl 3 tarting material. Th ling temperat 300 °C, 350 °C
400 °C, 450 °C, 500 °C, and 550 °C. Annealing time was set to 2 h.
Table 2. Details of the solvothermal synthesis: list of applied synthesis temperatures and times. For
convenience, we use [WClg] to denote precursor concentration.
Sample Voo . Ve . Vv [WClg] for Final Water Synthesis Synthesis
No. starting solution Y final solution water Solution Content Temperature Time
11 5mL 50 mL 5mL 0.01M 10 vol% 160 °C 12h
12 5mL 50 mL 5mL 0.01M 10 vol% 180 °C 12h
13 5mL 50 mL 5mL 0.01M 10 vol% 200 °C 3h
14 5mL 50 mL 5mL 0.01M 10 vol% 200 °C 6h
15 5mL 50 mL 5mL 0.01M 10 vol% 200 °C 9h
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2.2. Materials Characterization

The X-ray powder diffraction (XRD) data were collected using a Rigaku SmartLab
diffractometer with a Cu K« radiation source (A = 1.5418 A) at a scan rate of 1° min~! in
the 20 range from 10° to 40°. The morphologies of the samples were investigated using
scanning electron microscopy (SEM, Thermo scientific Quattro ESEM) and transmission
electron microscopy (TEM, FEI Tecnai G2 at 200 kV). To identify the structure of each
powder, selected area electron diffraction (SAED) and high-resolution TEM (HRTEM)
characterization was performed.

3. Results
3.1. Effects of Water Content and Precursor Concentration on Crystal Structure of
As-Synthesized Powder

The results of the X-ray diffraction (XRD) experiments on samples 1-5 are shown in Fig-
ure 2. The XRD pattern of powder synthesized under pure ethanol condition (sample 1) has
a strongest diffraction peak at 23.32° that can be assigned to W1gOy9 (JCPDS no. 36-0101).
The other characteristic peaks of W1gOy49 are not observed due to the strong broaden-
ing effect, which is commonly observed in the XRD spectra of nanocrystalline materials.
The XRD data in Figure 2 suggests that the addition of water into the solvent stabilizes
WO;-0.33(H20) and y-WOs. Specifically, when the water content is 5 vol% (sample 2) and
10 vol% (sample 3), respectively, the XRD patterns exhibit diffraction peaks at 13.96°, 18.1°,
22.98°, 24.26°, 27.04°, and 28.18°, respectively (JCPDS no. 87-1203). All these observed
peaks correspond to diffraction peaks of WO3-0.33(H,0O). Some minor peaks of y-WOj3
phases are also observed (at 23.6°, 26.12°), but the intensity is extremely low, suggesting
that WO3-0.33(H,O) is the dominant phase in sample 2 and sample 3. Several other studies
about solvothermal synthesis at similar water and precursor concentrations have suggested
before that WO;3-0.33(H,O) is the product without any further heat treatment [31,39]. How-
ever, both our and these previous results are in conflict with the results of Choi et al. [30], in
which pure hexagonal phase is directly synthesized under this condition ([WClg] = 0.0125
M-0.014 M, [H,O] = 10 vol%).
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' 1 1 | N
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| s
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1 1 Il L
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— 002 )
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c 002
2 «131
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Figure 2. XRD data of samples 1-5 (see details in Table 1). For comparison: the top inset is the
standard reference diffraction patterns of W1gOy9 (JCPDS no. 36-0101), h-WOj3 (JCPDS no. 75-2187),
WOs3-0.33(H,0O) (JCPDS no. 87-1203), and y-WO3 (JCPDS no. 32-1295).
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One possible explanation for the discrepancy between our work and Choi et al. [30]
is that the latter did not distinguish the XRD patterns of WO3-0.33(H,O) and h-WOs.
Specifically, only the XRD peaks at 18.1°, 22.78°, and 22.98° can be used to identify these
two compounds based on XRD pattern analysis. Since the XRD pattern in Choi et al. [30]
was acquired at a 26 range from 20° to 45°, it does not include the characteristic peaks of
WO3-0.33(H,0) at 18.1°. Also, the 001 peak of “hexagonal WO3” in Choi et al. [30] is at
23° + 0.1°, which should have been indexed as 002 peak of WO3-0.33(H,O) rather than the
001 peak of h-WOj3 (at 22.78°).

Further increase in water content to 20 vol% (sample 4) or 50 vol% (sample 5) results
in the formation of y-WOj3, as suggested by the appearance of XRD peaks at 23.12°, 23.6°,
24.34°,26.12°,33.28°, and 34.14° in Figure 2 (JCPDS no. 32-1295). The powder synthesized
using a water content of 20 vol% consists of WO3-0.33(H,0) and a small amount of y-WOs3
as suggested by the strong WOj3-0.33(H,O) diffraction peaks and weak y-WOj3 peak at
23.1°. However, when water content is increased to 50 vol%, y-WOj3 becomes dominate, in
agreement with results published by Chacon et al. [31].

When the precursor concentration is increased to 0.05 M, a totally different situation
emerges. Figure 3 shows the XRD patterns of powders synthesized under precursor
concentration of 0.05 M and water content (0 vol%, 5 vol%, 10 vol%, 20 vol%, or 50
vol%). When no water is added (sample 6), the as-synthesized powder consists of only
W1g0Oy9, as suggested by the black spectra in Figure 3. In case of a water content of 5 vol%
(sample 7), 10 vol% (sample 8), and 20 vol% (sample 9), as well as of 50 vol% (sample
10), the corresponding diffraction peaks can all be indexed as XRD peaks of y-WOj5 (see
the spectra in Figure 3). This result suggests that the addition of water at this precursor
concentration does not stabilize the WO3-0.33(H;0O). A possible explanation is that the
v-WOs3 phase becomes much more stable under high precursor concentration. Based
on these results, it can be concluded that the low precursor concentration as well as the
appropriate water content are two important (key) parameters to stabilize WO3-0.33(H2O)
in solvothermal synthesis, as shown in Figure 4.

WO,0.33(H,0) | |
L 1 1 1 \
h-WO, |
| | | . |
y-WO, ‘ |
1 11 1 L
W,,0 |
1 180 I L T || “ | ||||| ||| || | M| ||||I
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—— Sample 7 v h-WO,
—— Sample 8 002 Sl
> Sample 9 *020% e
= y 022
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q) -
= *0520
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«002
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Figure 3. XRD data of samples 6-10 (see details in Table 1). For comparison: the top inset is the
standard reference diffraction patterns of WigO49 (JCPDS no. 36-0101), h-WOj3 (JCPDS no. 75-2187),
WO3-0.33(H,O) (JCPDS no. 87-1203), and y-WO3 (JCPDS no. 32-1295).
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Figure 4. The effect of water content and precursor concentration on the crystal structure of as-
synthesized powder.

In addition to identifying the crystal structure by XRD, the particle morphology was
explored using detailed SEM (Figure 5) and TEM (Figure 6) characterization. Figure 5a,f
(SEM) and Figure 6a,d (TEM) indicate that the crystal morphology of W1gOyg (i.e., samples
1 and 6) is an urchin-like structure assembled from a bunch of nanorods with an average
size of ~10 nm. This then explains the presence of a strong broadening of XRD diffraction
peaks observed from sample 1 (Figure 2) and sample 6 (Figure 3). The rate of crystal growth
of W1gO49 seems to be much slower compared to the rate for WO3-0.33(H,0O) and y-WO3
crystals. Such a property has been observed before by others [40]. This characteristic might
allow the control of the size of a W1gO49 quantum dot structure as suggested in Ref. [40].

With respect to WO3-0.33(HO), Figures 5b,c and 6b show that as-synthesized WO3-0.33(H,O)
powder consists of large faceted platelets with hexagonal shape and an average size of ~5 um. Such
a crystal morphology leads to the presence of dominant facets, i.e., preferential crystallographic
orientation (PCO). According to the HRTEM images (Figure 6e) and SAED pattern (insets in
Figure 6b), the orientation of the particle along the direction perpendicular to the hexagonal plate
is determined to be 002. This can explain the 002 XRD peak of the WO5-0.33(H,O) (see red or blue
curves of Figure 2) having the highest intensity, while the 220 peak in the standard XRD pattern
is the strongest peak. The appearance of PCO of WO3-0.33(H,O) and of the hexagonal-faceted
morphology is the result of the natural growth preference of the orthorhombic WO;5-0.33(H,O)
structure along six symmetrical directions [41,42].

0 vol% 5 vol% 10 vol% 50 vol%

0.05M

Figure 5. SEM images of samples 1-10 (a—j).
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Figure 6. Low-magnification TEM images of (a) W13O49 (sample 1 and sample 6), (b) WO3-0.33(H,O)
(sample 2 and sample 3), and (c) y-WO3 (sample 5 and samples 7-10); high-resolution TEM images
(d) W1gOy9 (sample 1 and sample 6), (e) WO3-0.33(H,0O) (sample 2 and sample 3), and (f) y-WO3
(sample 5 and samples 7-10). The inset in (b,c) is the selected area diffraction pattern.

Figure 5d shows that two kinds of particle are present in sample 4. One type is the
WO;-0.33(H,0) hexagonal-shape particle. The other seems to be a porous sheet with a
square shape. As the XRD results shown in Figure 2 suggest that sample 4 consists of
both WO3-0.33(H,0) and v-WOs3, we postulate that the squared sheet-like particle is a
v-WOj3 particle.

SEM images and XRD results of sample 5 as well as of samples 7-10 confirm this
hypothesis. Figure 5e,g-h show that these samples consist of porous squared-sheet particles
with an average side length of ~6 um. Based on XRD results from sample 5 and samples
7-10 indicating the presence of dominantly y-WOj3, porous square sheets can definitely be
identified as y-WQOj3 particles. Similar to the hexagonal-shaped particles, the squared-sheets
particles also exhibit PCO. The PCO is determined to be 002 direction by HRTEM images
(Figure 6f) and SAED patterns (insets in Figure 6¢). This also explains that the 002 XRD
peak of as-synthesized y-WOj3 is the dominant peak (see Figure 2) compared to any other
diffraction peaks. According to the Gibbs—Wulff theorem about crystal morphology, the
PCO could be attributed to the fact that the 001 facet of y-WQOj3 in ethanol has a lower
surface energy [43].

3.2. Effect of Synthesis Temperature and Time on the Synthesis of WO3-0.33(H,0)

The above-presented results suggest that a low precursor concentration and appropri-
ate content of water is critical to obtain WO3-0.33(H,O) through solvothermal synthesis.
Two other important parameters are the synthesis temperature as well as the synthesis time.
In a systematic approach to identify the required temperature, the synthesis temperature
was varied between 160 °C (sample 11), 180 °C (sample 12), and 200 °C (sample 3) while
maintaining all other parameters at a constant, i.e., the water content at 10 vol%, the precur-
sor concentration ([WClg]) at 0.01 M, and the synthesis time at 12 h. The XRD results of
the as-synthesized powder under these three temperatures are shown in Figure 7, and the
results show that the powder synthesized at 160 °C is W1gO49 and powders synthesized at
180 °C and 200 °C are WO3-0.33(H;O). Thus, a temperature higher than 180 °C is required
to stabilize WO3-0.33(H;0).

To study the effect of synthesis time, powder was synthesized at 200 °C but for different
times. Figure 8 shows the XRD pattern of powder synthesized at 200 °C for 3 h (sample 13),
6 h (sample 14), 9 h (sample 15), and 12 h (sample 3). W1gO49 and WO;3-0.33(H,O) are both
present when a synthesis time of 3 h is selected, as suggested by the black XRD spectra
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in Figure 8. Increasing the synthesis time to 6 h results in the increase in the fraction of
WO;3-0.33(H0). When the synthesis time is increased to 9 h and 12 h, the WO3-0.33(H,O)
phase becomes the dominant phase. The presence of the W13O49 phase at short synthesis
time (3 h and 6 h) can be attributed to an incomplete reaction of water, oxygen, and
W, Cly(OC,yHs)6 due to the insufficient time to fully react. The unreacted precursor finally
transforms to W1gOy9 as indicted in XRD pattern when the water content is 0 vol% (samples
1 and 6). An increase in synthesis time results in a decreased fraction of the unreacted
precursor, thereby decreasing the fraction of WigOyg in the as-synthesized powder.

WO,-0.33(H,0) |
1

it cleal g Al o
Sample 11 (160C) < WO, 0.33(H,0)
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Figure 7. XRD spectra of samples that are synthesized at temperature of 160 °C (sample 11), 180 °C
(sample 12), and 200 °C (sample 3), each for 12 h. The top inset is the standard reference diffraction
patterns of W1gOy9 (JCPDS no. 36-0101), h-WOj3 (JCPDS no. 75-2187), WO3-0.33(H,O) (JCPDS no.
87-1203), and y-WO3 (JCPDS no. 32-1295).
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Figure 8. XRD spectra of samples that are synthesized at a temperature of 200 °C, but for 3 h (sample
13), 6 h (sample 14), 9 h (sample 15), and 12 h (sample 3). The top inset is the standard reference
diffraction patterns of W1gOy9 (JCPDS no. 36-0101), h-WOj3 (JCPDS no. 75-2187), WO3-0.33(H,O)
(JCPDS no. 87-1203), and y-WOs3 (JCPDS no. 32-1295).
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3.3. Dehydration of WO3-0.33(H,0)

After systematically investigating the effects of synthesis parameters such as pre-
cursor concentration, water content, synthesis temperature, and synthesis time for the
synthesis of WO3-0.33(H,O), the next focus is on the transformation of WO3-0.33(H;0)
to hexagonal h-WOj3. This post-synthesis transformation can be achieved by annealing,
since WO3-0.33(H,O) is believed to dehydrate upon heating and the h-WO3 phase forms at
~350 °C [27-29]. However, the h-WO3 phase is a metastable phase and is believed to further
transform to the thermodynamically stable y-WOj3 at a temperature between 475-532 °C.
The exact temperature of the h-WOj3 to y-WO3 phase transformation depends on the purity
of the h-WOj3 (e.g., sodium content, ammonium ions content, and so on) [22]. Thus, to
determine the exact temperature range to stabilize h-WOj for this solvothermal method,
thermal gravimetric analysis (TGA) characterization was carried out, and the result is
shown in Figure 9. As the TGA curves suggest, the dehydration process starts at 144.3 °C
and stops at 505.2 °C. The total weight loss is 2.657%, which is exactly the weight difference
between WO3-0.33(H20) and WO3, The first derivative peak temperature (Tp,) of dehydra-
tion, indicating the point of greatest rate of change on the weight loss curve, is at around
358.6 °C. The highest temperature observed in our study is higher than the temperature
reported in previous studies [27-29]. This might be caused by the high ramping rates in our
TGA experiments. To determine the best annealing temperature for dehydration, annealing
experiments at different temperatures were conducted. Figure 10 shows the XRD pattern of
the as-annealed powder. The XRD pattern of the powder annealed at 300 °C and at 350 °C,
can be indexed as WO3-0.33(H,O) plus a minor amount of gamma-WOj (the intensity of
gamma diffraction peak is too low to be quantified, the fraction is definitely less than 1%).
Comparing the spectra at 300 °C (black) and at 350 °C (red), the XRD diffraction peak at
22.98° at 350 °C (red curve) seems to have an asymmetric shape (i.e., slight peak tail at lower
20). This indicates that there must be a minor peak present with a 0 only slightly less 22.98°.
The very low intensity of this peak makes it difficult to determine the exact peak position.

However, this is of less importance here because WOs3-0.33(H;O) is still the dominant
phase after annealing at 350 °C for 2 h, which means that this annealing temperature
cannot fully transform WO3-0.33(H;0O) to h-WO3. After the annealing temperature has
been increased to 400 °C and to 450 °C, the characteristic XRD peaks of WOs3-0.33(H,O) at
20 =18.10° and 22.98° disappear and a new peak at 22.78° appears. This new pattern can
be indexed as h-WO3 (JCPDS no. 75-2187). For the sample annealed at 500 °C, both h-WOs3
and y-WO3 XRD diffraction peaks are observed, suggesting that the powder consists of
both phases. However, y-WO3; dominates when the sample has been annealed at 550
°C. In conclusion, to obtain h-WQ3, the annealing temperature should be kept between
400-450 °C. The morphologies of this annealed powder are also investigated by SEM, and
the results are shown in Figure 11. The hexagonal morphology is clearly preserved during
the dehydration process, as suggested by the images in Figure 11a-d. This characteristic
means that h-WO3 hexagonal sheet can be obtained via the here presented solvothermal
synthesis method. The h-WOj3; hexagonal sheet still has a 002 (0002 for Miller-Bravais
indices for hexagonal structure)-preferred orientation, as suggested by the observed XRD
pattern. Once the annealing temperature is increased to 500 °C, a change in particle
morphology due to the h-WO3 to y-WOj3 transformation is observed as shown in Figure 11e—
f. The hexagonal sheet seems to decompose into several rods, which presumably are y-WOs3
phase particles.
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Figure 9. (a) TGA curve of WO;3-0.33(H,O); (b) the first derivative of TGA curve. The first derivative
curve is smoothed by Savitzky-Golay method with window of 20 points.
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Figure 10. XRD spectra of samples that are annealed at temperature of 300 °C, 350 °C, 400 °C,
450 °C, 500 °C, and 550 °C for 2 h. The starting material is sample no. 3, which only consists of
WO3-0.33(H0). The top inset is the standard reference diffraction patterns of W1gOy9 (JCPDS
no. 36-0101), h-WOs3 (JCPDS no. 75-2187), WO;3-0.33(H,O) (JCPDS no. 87-1203), and y-WOj3
(JCPDS no. 32-1295).

Figure 11. SEM images of powder after annealed at (a) 300 °C (b) 350 °C (c) 400 °C (d) 450 °C
(e) 500 °C, and (f) 550 °C.



Crystals 2023, 13, 690

110f13

Summarizing all the results presented here, we are now able to outline a two-step
procedure to obtain metastable h-WO; using a solvothermal route followed by a post-
synthesis high temperature annealing:

e  First, WO3-0.33(H,0) should be synthesized by a solvothermal process. To ensure no
other phase is produced, the WClg concentration should be as low as 0.01 M, the water
content should be between 5-10 vol%, the synthesis temperature should be higher
than 180 °C, and the synthesis time should be longer than 9 h;

e  Then, in the subsequent annealing process, the WO3-0.33(H;0) is transformed to
h-WOs3. In order to stabilize the metastable hexagonal structure, the annealing temper-
ature needs to be carefully controlled between 400 °C and 450 °C.

4. Conclusions

The metastable hexagonal tungsten trioxide phase (h-WQOj3) was successfully syn-
thesized via a solvothermal synthesis followed by a controlled annealing step. The
WO3-0.33(H,0) is first synthesized in a solvothermal process and subsequent anneal-
ing triggers the dehydration of WO3-0.33(H;0), thereby transforming WO3-0.33(H,O)
to h-WO;. Compared with previously published studies on solvothermal synthesis of
h-WO3;, our study has resolved the ambiguity of the product of solvothermal synthesis of
h-WQOj3. The impact of several synthesis parameters are more evident now as they have
been studied systematically.

e  Parameters of the solvothermal process: WClg precursor concentration as low as 0.01
M, water content 5-10 vol%, synthesis temperature higher than 180 °C, synthesis time
longer than 9 h;

e  Parameters of the subsequent annealing process: annealing temperature between
400 °C and 450 °C.

In addition, the following important dependencies on synthesis parameters were found:

(i) Higher WClg precursor concentration and higher water content in the solvent results
in formation of thermostable y-WOj; with porous squared-sheet morphology. The
preferential crystallographic orientation of the y-WO3 nanosheet is 002 orientation.
Precursor concentration of 0.01 M and water content of 5-10 vol% produce pure
002-orientated WOj3-0.33(H,O) hexagonal nanosheets. The urchin-like W1gOyg is only
present when water is absent from the solvent;

(ii) Synthesis temperature below 180 °C and synthesis time below 6 h might also result in
the formation of W1gOy49 and, therefore, should be avoided. This is attributed to the
insufficient reaction caused by low synthesis temperature and short synthesis time;

(iii) Annealing at temperature higher than 400 °C is required to dehydrate the WO3-0.33
(H,0) and produce h-WOs3. However, annealing time higher than 500 °C results in a h
to v transition. The dehydration process does not destroy the hexagonal morphology
of the particle and, thus, the h-WO; hexagonal sheet can be produced.

Further work is focused on studying the purity of the h-WOj3 synthesized here, in-
cluding the amount and level of structural defects, as well as on upscaling this two-
step process to produce h-WO; and exploring the wide range of applications, e.g., in
gas sensors or photocatalysts.
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