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A facile route for synthesis of WO3·0.33H2O nanoneedles via hydrothermal treatment of an aqueous ion-exchanged precursor has 
been demonstrated. The effects of hydrothermal conditions such as reaction temperature and time on the morphology and structure 
of WO3·nH2O have been studied systematically. The WO3·0.33H2O with an orthorhombic structure and needle-like morphology 
was synthesized at 120 °C for 5 h. No significant change in the structure and morphology was observed with increasing reaction 
time to 24 h. At the temperature, the WO3·0.33H2O grew preferentially along the [100] direction, and was eventually enclosed by
{001}, {010} and {110} facets. The observed needle-like evolution has been explained based on the crystal structure of
orthorhombic WO3·0.33H2O. The WO3·0.33H2O nanoneedle was fully dehydrated when it was heated at 350 °C in air. Phase 
transformation to the hexagonal WO3 was induced by this dehydration. 
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1. Introduction 
Tungsten trioxide and its hydrates (WO3·nH2O) have been 

extensively studied because of their crystal polymorphism[1], 
intriguing physical and chemical properties[2-4] and widespread 
applications[5-8]. Among them, WO3·0.33H2O has been of interest 
owing to its unique structure[9,10], that is, layers built up by corner 
shared WO6 octahedral forming six-membered rings, with water 
molecules between these planes. Recently, synthetic strategy for 
nanostructures of WO3·0.33H2O and their dehydrated hexagonal 
WO3 has been a focused subject due to the concerns in both 
fundamental science and technological applications[11-16]. In 
particular, one-dimensional nanostructures such as nanoneedles and 
nanofibers have been attracted much attention because they not 
only can provide unique properties[13,16] but also can be used as 
building blocks for functional micro/nanostructured materials[14-
16]. 

Hydrothermal treatment of acidified precursor has been widely 
investigated to synthesize WO3·0.33H2O nanoneedles[13,17-19]. 
This precursor is usually prepared by acidification of Na2WO4 
solution with HCl, which contains impurity ions of Na+ and Cl . 
Gerand et al. synthesized WO3·0.33H2O nanoneedles using the 
acidified precursor when heating at 120 °C[18]. In addition, it has 
been reported that NaCl[13,19] or the sulfate salt[20] act as 
effective capping agents for formation of one-dimensional 
evolution of WO3·0.33H2O. However, under the utilization of the 
acidified precursor and the inorganic salts, the unavoidably 
contaminated cations such as Na+ in the final products may result 
in negative effects on the performances of materials[21]. 

Ion-exchanged precursor is an alternative acidified 
precursor[2,22], which is prepared by acidification only through a 
protonated cation-exchange resin. It contains negligible small 
amount of the impurity ions. Recently, we have utilized this 
precursor for synthesis of WO3·nH2O, and observed a dominant 
two-dimensional growth of WO3·H2O under a relatively low 
temperature (50 °C), resulting in nanoplatelet morphology[23]. Mo 
et al. obtained nanorods of WO3·0.33H2O and h-WO3 mixed phases 
at 180 °C for 24 h[24]. However, since there are only a few works 
available in the published literature on the hydrothermal treatment 
of ion-exchanged precursor, it has been still remained unclear if the 

impurity-free route can be utilized for the one-dimensional growth 
of WO3·0.33H2O. 

In this study, a facile route for synthesis of pure WO3·0.33H2O 
nanoneedles via hydrothermal treatment of an aqueous ion-
exchanged precursor has been demonstrated. We have 
systematically examined the effects of hydrothermal conditions on 
the morphological and structural evolution of WO3·nH2O, and 
proven that the product of pure WO3·0.33H2O can be obtained by 
heating at 120 °C for 5 h or the longer reaction time. 
Morphological and structural examinations revealed that the 
WO3·0.33H2O grows preferentially along the [100] direction, 
resulting in nanoneedle structure. We expect that the synthetic 
strategy for the one-dimensional nanostructure of WO3·0.33H2O 
will receive some benefits as contamination-free route and versatile 
techniques. 

2. Experimental 

2.1 Materials 
Sodium tungstate dihydrate (Na2WO4·2H2O, > 99%) was 

purchased from Kanto Chemical Co. (Japan) and was used without 
further purification. Strong acid type of Diaion PK228LH cation 
exchange resin (ion-exchange capacity > 2.05 meq·mL-1) was 
supplied from Mitsubishi Chemical Co. (Japan). Deionized water 
(18.2 M ·cm) from Sartorius-arium® 61316 system (Germany) 
was used throughout the experiments. 

A glass column with height of 150 mm and 24.6 mm in diameter 
was used for the ion-exchange process. The glass column was 
packed with 30 mL of the ion-exchange resin, and then 10 mL of 
water was passed through the column to wash the resin. This 
washing step was repeated five times before experiment. 

2.2 Sample preparation 
0.5 M Na2WO4 solution was prepared by dissolving 

Na2WO4·2H2O powder into deionized water. Then, a 10 mL of the 
solution was loaded on the glass column, and let it flow down 
through the resin bed with a rate of 5mL·min-1. The acidified 
precursor was recovered from the column by elution with deionized 
water. The precursor was yellowish and transparent. This ion-
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Fig.1  XRD patterns of tungsten oxide hydrates synthesized for 
24 h at different reaction temperature of (a) 50, (b) 80, (c) 120 
and (d) 180 °C. 
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Fig.2  XRD patterns of the nanoneedles synthesized at 120 °C for 
different reaction time of (a) 5, (b) 15 and (c) 24 h. All peaks can 
be indexed to orthorhombic WO3·0.33 H2O (ICDD No. 01-072-
0199). 

exchange treatment was performed in the temperature-controlled 
chamber at 15 °C. The concentration of W in as-received precursor 
was estimated to be 0.23�0.24 M by X-ray fluorescence 
spectroscopy (EDX-800, Shimadzu, Japan). 

This ion-exchanged precursor was hydrothermally treated under 
different reaction temperature (50, 80, 120 and 180 °C) and time (5, 
15, 24 h). No additive was employed. After the hydrothermal 
treatment, the WO3·nH2O powders were obtained, and they were 
collected by centrifugation and dried in room temperature under 
vacuum. 

2.3 Characterizations 
The crystallographic phase of the samples was determined by 

powder X-ray diffraction (Ultima IV, Rigaku, Japan, Cu-K� 
radiation). Their morphology was examined by scanning electron 
microscopy (SU-70, Hitachi, Japan) and by transmission electron 
microscopy (JEM-2100F, JEOL, Japan). The weight loss of the 
sample was measured by a thermogravimetric analysis (TG/DTA 
6200, SII, Japan). 

3. Results and discussion 
The hydrothermal temperature was varied from 50 to 180 °C, 

while keeping reaction time for 24 h. The XRD patterns of the 
samples synthesized at different temperatures are shown in Fig.1. 
When the reaction was conducted at 50 °C, all peaks were indexed 
to the orthorhombic WO3·H2O phase (ICDD No.00-043-0679). 

With temperature increasing to 80 °C, besides the main peaks due 
to the WO3·H2O, secondary peaks originating from the 
orthorhombic WO3·0.33H2O phase (ICDD No.01-072-0199) 
appeared. Further enhancing the reaction temperature to 120 °C, 
the crystal phase of the sample was identified as pure 
WO3·0.33H2O. When heating at 180 °C, some characteristic peaks 
of h-WO3 were observed, indicating that the orthorhombic 
WO3·0.33H2O structure began to transfer to the h-WO3 phase. 

To further investigate the growth of the WO3·0.33H2O, the 
hydrothermal reaction was also conducted at 120 °C for different 
reaction time. Figure 2 shows the XRD patterns of the 
WO3·0.33H2O obtained for 5, 15 and 24 h. No significant 
difference is observed for the XRD patterns, indicating that the 
WO3·0.33H2O structure was well formed even for relatively short 
reaction time of 5 h. 

The morphologies of the samples obtained at 120 °C for 5 and 
24 h are shown in Fig.3, respectively. On the basis of the SEM 
observation, these samples were composed of a large quantity of 
nanoneedles. The width and length of the nanoneedles did not 
significantly depend on the reaction time, indicating also that the 
needle-like morphology was well developed even for relatively 
short reaction time of 5 h. Average width of the randomly selected 
150 nanoneedles in the sample obtained for 24 h was ~20 nm and 
the length was up to ~300 nm, reaching an aspect ratio more than 
10. The sample obtained at 180 °C for 24 h was also composed of a 
large quantity of nanoneedles (not shown here). However, the 
aspect ratio decreased to be ~6, since their width and length were 
~40 nm and ~250 nm, respectively. It is suggested that the reaction 
temperature plays an important role in anisotropic growth of 
WO3·0.33H2O nanocrystal. 

To understand the detailed structural and morphological 
characteristics of the WO3·0.33H2O nanoneedle, the TEM 
technique was employed. Figure 4(a) shows a typical well-
developed nanoneedle found in the sample obtained at 120 °C for 
24 h. As can be seen, it consisted of a few or several nanoneedles 
which elongated and ended triangularly-tapered shape. Figure 4(b) 
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Fig.3  SEM images of WO3·0.33H2O nanoneedles synthesized at 
120 °C for (a) 5 and (b) 24 h. 

 

Fig.4  (a,b) TEM image of WO3·0.33H2O nanoneedle synthesized 
at 120 °C for 24 h and its corresponding SAED pattern. (c) 
Crystal model of an elongated WO3·0.33H2O. 

Fig.5  TGA curve of WO3·0.33H2O sample synthesized at 120 °C 
for 24 h. 

 
Fig.6  XRD pattern of WO3 sample obtained after annealing at 
350 °C for 1 h in air. All peaks can be indexed to hexagonal WO3 
(ICDD No. 01-075-2187). 

shows its corresponding selected area electron diffraction (SAED) 
pattern. Interestingly, the SAED pattern can be assigned to a phase 
of single crystalline of the orthorhombic WO3·0.33H2O located 
along the [001] zone axis, implying that the nanoneedles had a 
single crystal nature and their crystallographic orientation remain 
the same. It provides that top and bottom surfaces of the 
nanoneedle were of well-defined {001} facet, and the nanoneedle 
elongated obviously along the [100] direction. Also, the [010] 
direction is almost perpendicular to adjacent side edge of the 

nanoneedle, suggesting that the side facets of the nanoneedle were 
enclosed by the {010} planes. In addition, the [110] direction is 
almost perpendicular to the tapered side at the tip of the nanoneedle, 
suggesting that the ends of nanoneedle are enclosed by {110}. 
From these observations, it can be concluded that the 
WO3·0.33H2O crystal grew preferentially along the [100] direction 
by hydrothermal treatment at 120 °C and was eventually enclosed 
by {001}, {010} and {110} facets as illustrated in Fig.4(c). The 
nanoneedles synthesized in the present condition were mainly 
aligned and stacked structure as shown in Fig.4. We also observed 
other oriented aggregation structures, and this topic will be 
reported in a near future.  

Figure 5 shows the weight loss behavior of the WO3·0.33H2O 
nanoneedles for temperatures from 25 °C to 500 °C in air measured 
by TGA. It is clear that the sample had an obvious weight loss 
around 250 °C and was almost completely dehydrated at around 
350 °C. The amount of the structural water of the sample was 
calculated from the weight loss difference between 150 °C and 
500 °C. As a result, it corresponded to about 0.4H2O per mole of 
WO3. The amount of the structural water estimated was a little 
higher than theoretical value of 0.33. In this time, we have not 
taken carefully account of amount of physically adsorbed water 
trapped between nanoneedles. If it is removed sufficiently, the 
value would be close to the theoretical one. Based on the TGA 
curve, the sample was annealed at 350 °C in air to remove the 
structural water and it was confirmed that the crystalline phase was 
transformed to the h-WO3 by the dehydration as shown in Fig.6. 
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As demonstrated in this study, the reaction temperature plays an 
important role in controlling the morphology and structure of 
WO3·nH2O. The nanoneedles of pure WO3·0.33H2O phase were 
first time obtained from the ion-exchanged precursor at 120 °C. 
The results were reproducible and indicate that phase formation of 
WO3·0.33H2O and its one-dimensional growth well promotes even 
without any inorganic additives such as NaCl and Na2SO4. Peroxo-
polytungstic acid solution has been also known as impurity-free 
aqueous precursor[25]. However, hydrothermal treatment of the 
peroxo-polytungstic acid solution did not produce nanoneedle, but 
nanodisc WO3·0.33H2O[11]. 

It has been known that all WO3·nH2O are formed of layers built 
up by corner sharing [WO6] octahedral, with water molecules 
between these planes. Formation of WO3·nH2O in acidified 
precursor is generally explained as follows[22,26]. The 
intermediate [WO(OH)4(OH)2] is formed in the acidified precursor 
at the initial period of aging, where one water molecule is bonded 
along to the z-axis opposite to the W=O bond while the four OH 
groups are in the equatorial x-y plane. Then, oxolation reaction 
along to the equivalent x- and y- directions leads to layered 
structure. As we reported recently, the reaction promotes to form 
corner-sharing their four equatorial oxygen atoms of octahedra by 
aging at 50 °C, resulting in WO3·H2O phase[23]. On the other hand, 
it was found in this study that more open structure with forming six 
membered rings can be formed when heating up to 120 °C, 
resulting in WO3·0.33H2O phase. Since the ion-changed precursor 
does not contain any structure-directing species, the dielectric 
constant of water would play an important role. As Livage and 
Guzman discussed[22], the dielectric constant of water decreases as 
the temperature increases, and then electrostatic repulsions between 
highly charged W6+ ions become stronger, which lead to the 
formation of the more open structures such as hexagonal 
WO3·0.33H2O. However, the detailed mechanism of formation of 
the WO3·0.33H2O phase needs to be further explored. 

The observed preferential growth of WO3·0.33H2O along [100] 
direction can be explained from the crystal growth habit of 
WO3·0.33H2O. As well known, crystal growth along the direction 
perpendicular to the face with the highest surface free energy 
possesses the fastest growth rate, leading to exposure of the lower-
energy faces. In the orthorhombic WO3·0.33H2O structure, the 
surface free energy of different faces have the order of {100} > 
{110} > {010} > {001}[11]. On this basis, the fastest crystal 
growth occurs in the [100] direction and the {001}, {010} and 
{110} facets are expected as the exposed surfaces in WO3·0.33H2O. 
This expectation agrees with our experimental results. 

4. Conclusions 
We have successfully synthesized WO3·0.33H2O nanoneedles by 

the additive-free hydrothermal treatment. It was found that the 
reaction temperature plays an important role on the one-
dimensional growth of WO3·0.33H2O, and the nanoneedles were 
produced at 120 °C even for relatively short reaction time of 5 h. 
The morphological evolution of the nanoneedle has been explained 
based on the crystal structure of WO3·0.33H2O. The present 
synthesis route provides a facile and impurity-free approach for 
synthesis of WO3·0.33H2O nanoneedles. It is expected that the 
nanoneedles can be applied to wide areas and building blocks for 
constructing functional nanostructures. 
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