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ABSTRACT: A facile and chemically clean method is presented to fabricate the 

nanostructured tungsten oxide (WO3), based on laser ablation of tungsten flake in 

water and subsequent hydrothermal route. The typically nanostructured WO3 objects 

were well-dispersed and brick-like in shape. The bricks are of the average dimensions 

of ca. 200 nm in length, 150 nm in width and 130 nm in thickness, with stepped 

structures on their planar surfaces. Further experiments have revealed that the reaction 

temperature, pH value and composition of the precursor in subsequent hydrothermal 

treatment are crucial to formation of the brick-like WO3 nanostructures. 

Correspondingly, a rectangular cuboidal stacking growth model is proposed to 

describe the formation of such nanobricks. The nanobricks could be the good building 

blocks of complex micro/nanostructures and devices. Also, the combination of laser 

ablation in liquid with hydrothermal treatment could provide an effective synthetic 

approach for morphologically tunable WO3 nanomaterials, which have potential 

applications in gas sensing, electrochromic devices and photocatalysis. 
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Introductioooon 

As an important wide band gap semiconductor, tungsten oxide (WO3) has been 

extensively studied due to its intriguing physical and chemical properties.
1-3

 Recently, 

the nanostructured WO3 has attracted much attention because of its potential 

applications in the fields, such as electrochromic devices
4-6

, gas sensors
7-10

 and 

photocatalysts
11, 12

. Nowadays, the nanostructured WO3 including nanowires
3, 13, 14

, 

nanoplates
15, 16

 and hierarchical micro/nanostructures
17, 18

, have been successfully 

synthesized by some physical techniques and chemical routes. Among those 

approaches, hydrothermal methods have shown obvious advantages and been widely 

applied for fabrication of WO3 nanostructures because of its rich modulating 

experimental parameters, such as chemical composition of precursors, heating 

temperature, pressure of reaction environment and heating durations, etc
18-20

. Besides, 

the cheap equipment and simple operation further facilitate fabrication of 

nanomaterials. Researchers have prepared various kinds of WO3 nanostructures with 

varying dimensions, architectures, and morphologies. For instance, taking tungsten 

hexachloride (WCl6) as raw material, Choi et.al
21

 prepared WO3 nanomaterials with 

modulated morphologies (from nanoparticles, nanowires to nanobelts, etc.) via 

hydrothermal treatment with different solvents. Therese et.al
22

 obtained WO3 

nanowires with high aspect ratio by hydrothermal route using ammonium tungstate 

hydrate as raw material and citric acid as structure directing agent. Commonly, in 

addition to the low dimensional structures (nanowires, nanobelts
23, 24

, nanoparticles), 

3D hierarchical micro/nanoarchitectures were usually obtained through hydrothermal 
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approaches by simply altering types of precursors or adding capping agents. For 

hydrothermal preparations of WO3 nanomaterials, it has been reported that surfactants, 

metal salts and organic solvents are effective capping or structure directing agents 

under suitable pH conditions
18, 25-28

. However, the effects of the specific additives on 

morphologies and the intrinsic formation mechanisms have been unclear and rarely 

reported. One of the most important reasons is that the utilized raw materials for 

precursor preparation have already contained some additives. For example, the most 

commonly used pristine materials are tungstate [Na2WO4, (NH4)2WO4 etc] and the 

unavoidably adulterated cations in the precursors could also act as capping agents. 

Therefore, facile, green and inexpensive approaches to prepare the pure precursors for 

subsequent hydrothermal treatments are in urgent demands. 

Pulsed laser ablation in liquid (LAL) medium is of particular interest and has been 

used as an effective method to fabricate the regular nanoparticles
29

, metastable 

nanostructures
30

, and even fullerene-like nanomaterials
31

, due to the local and 

instantaneous extreme environment (ultra-high temperature and ultra-high pressure) in 

the liquid, induced by interaction between the pulsed laser and solid targets
32, 33

. In 

addition, the chemical pureness can be ensured through the selected solid targets and 

liquids. 

Herein, we present a simple and chemically controlled method to prepare 

nanostructured WO3 via the LAL method and subsequent hydrothermal treatment. In 

this method, colloidal solutions were firstly obtained by laser ablation of a pure 

tungsten target immersed in deionized water and then acidified to pH = 1.0. 
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Subsequently the acidified colloidal solution was hydrothermally treated. The 

obtained nanostructured WO3 objects were well-dispersed and rectangular brick-like 

in shape. The bricks are of the average dimensions of ca. 200 nm in length, 150 nm in 

width and 130 nm in thickness, with stepped structures on their planar surfaces. 

Further experiments have revealed that the reaction temperature, pH value and 

composition of the precursor in subsequent hydrothermal treatment are crucial to 

formation of the brick-like WO3 nanostructures. Such nanobricks could be the good 

building blocks of complex micro/nanostructures and devices. Also, the combination 

of laser ablation in liquid with hydrothermal treatment could provide an effective way 

to fabricate the morphologically tunable WO3 nanomaterials, which have potential 

applications in building WO3-based functional devices, such as electrochromic 

electrodes, chemical sensors and so on. The details are reported in this article. 

Experimental Section 

1. Laser ablation in water  

The precursor (or colloidal) solutions for hydrothermal treatment were first 

prepared by LAL at room temperature (~25
o
C), as previously described in details

16
. 

Briefly, a tungsten flake (>99.9%, 45 mm×10 mm×1 mm) was polished with emery 

paper and ultrasonically rinsed with deionized water and ethanol for 1 hour, 

respectively. The cleaned tungsten target was then immersed into a vessel filled with 

30 ml of deionized water and fixed vertically. A focused Nd:YAG laser, operated at 

10 Hz with a wavelength of 1064 nm and pulse duration of 10 ns, vertically irradiated 

on the surface of tungsten target surrounded by the deionized water. The diameter of 
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laser beam focused on the target was ca. 2 mm. The tungsten target was irradiated 

with the power 80 mJ/pulse for 120 min. The ablation medium was continuously 

stirred by a magnetic rotor during irradiation process. After ablation, the 

tungsten-contained precursor solution was obtained. The tungsten content in the 

solution can be estimated to be about 10mM by the mass loss of the tungsten flake.  

2. Hydrothermal treatment 

The as-prepared 30 ml of 10 mM tungsten-contained precursor solution was 

acidified to a pH value with 1.0 by slowly dropping sulfuric acid under continuous 

stirring. The precursor solution was subsequently transferred to a 90 ml of 

Teflon-lined stainless steel autoclave. The autoclave was then heated at 200 
o
C for 10 

h before cooling to room temperature naturally. The final products were obtained by 

centrifugation, rinsing with deionized water and ethanol for several times, and drying 

at 50 
o
C in air. 

3. Characterization  

The as-obtained products were redispersed into ethanol. The corresponding film 

samples were prepared on glass substrates by spin-coating method for phase analysis 

and morphology observations. The phase structure of the products was measured 

using an X-ray diffractometer (XRD, the Philips X’Pert) with copper Kα radiation 

(0.15406 nm) at room temperature. The morphologies were observed on a field 

emission scanning electron microscope (FE-SEM, FEI Sirion 200). The 

microstructure was examined on a transmission electron microscope (TEM, 
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JEM-200CX). The composition was analyzed by energy-dispersive x-ray 

spectroscopy (EDX). 

 

Results and Discussion 

1. Colloidal precursor 

After laser ablation for two hours, the as-obtained precursor solution showed 

yellow brown color with pH value of ca. 3.0. Also, Tyndall effect was observed in the 

solution using a laser pointer, which illustrates that the precursor is colloidal solution. 

Figure 1a shows an optical absorbance spectrum of the freshly obtained colloidal 

solution. There exists a peak around ca. 320 nm, which should correspond to the W-O 

isopolyanions.
16

 The TEM observation has revealed that the colloidal precursor 

contains ultra-fine nanoparticles (Figure 1b). The magnified image clearly illustrates 

the ultra-fine nanoparticles with about 1 nm in size, as marked in the inset of Figure 

1b. The selected area electronic diffraction (SAED) shows that the products are 

amorphous in structure. In addition, EDX measurement indicates that there only exist 

W and O elements in the sample, as shown in Figure 1c, in which the Cu and C 

signals were from the substrate. So, the colloidal solution should consists of W-O 

isopolyanions and amorphous ultra-fine nanoparticles. 

Formation of the colloidal precursor is easily understood, as previously reported
16, 

32, 33
. Briefly: (1) the tungsten plasma with high-temperature and high-pressure was 

produced immediately at the solid-liquid interface when pulsed laser irradiated the 

metal target; (2) subsequent ultrasonic and adiabatic expansion of the tungsten plasma 

led to quick cooling of the tungsten plume region and hence formation of tungsten 
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clusters; (3) the chemically active tungsten clusters react with the water molecules, 

producing complex isopolytungstic acid (WxOm•nH2O); (4) the isopolyanions of 

tungsten oxide ( [WxO(m+n)]
2n- 

) were formed via hydrolyzation of isopolytungstic 

acid
34

; (5) the isopolyanions further aggregated and polymerized in ill-defined degrees, 

resulting in the main suspension of the precursor solution ([WxyO(m+n)y]
(2ny)-

 and 

WxOm•nH2O ). These processes can also be described by the following reactions
35

. 

)()( plasmabulk WhW →+ υ                (1)           

)()( clusterplasma WW →                  (2)           

↑+⋅→++ 222)( )( mHOnHOWOHnmxW mxcluster    (3)           

−
+

+ +→⋅ n

nmxmx OWnHOnHOW 2

)(2 ][2           (4)           

−
+

−
+ → )2(

)(

2

)( ][][ ny

ynmxy

n

nmx OWOWy             (5)           

2. Structure and morphology 

The above as-prepared colloidal solution was acidified to pH = 1.0 and 

subsequently hydrothermally treated. We could thus obtain the final products. Figure 

2 shows the XRD pattern of the film obtained by spin-coating the products on a glass 

substrate. All peaks can be indexed to the monoclinic WO3 phase with the lattice 

parameters of a = 0.7297 nm, b = 0.7539 nm, c = 0.7688 nm and a space group of 

P21/n (JCPDS No. 43-1035). In addition, the (002) reflection is significantly 

enhanced, indicating a preferential orientation of (002) crystal plane for the WO3 film 

obtained by spin-coating.  

FE-SEM observation clearly indicates that the obtained WO3 powders consist of 

well-dispersed particles with dimensions of several hundred nanometers, as typically 
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shown in Figure 3(a, b). The particles are rectangular brick-like in shape. The 

nanobricks are of the average dimensions of ca. 200 nm in length, 150 nm in width 

and 120 nm in thickness. A close observation has revealed that there exist steps on 

some nanobricks’ surfaces, as clearly demonstrated in the inset of Figure 3b.  

 Figure 3c gives the TEM image of some WO3 nanobricks, which clearly 

exhibits the nanobricks with stepped surfaces and each step is less than 10 nm in 

thickness. The SAED pattern (shown in the inset of top left in Figure 3c) was acquired 

from an incident direction of electronic beam perpendicular to the planar surface of an 

isolated nanobrick as marked by an arrow in Figure 3c. It indicates single crystal 

diffraction pattern. The pattern can be indexed to the monoclinic WO3 along the [010] 

zone axis, and the three main diffraction spots correspond to the planes of (202), ( 022 ) 

and (400), respectively. Also, the bottom right inset in Figure 3c typically shows one 

isolated nanobrick, and the obvious difference in contrast illustrates that the nanobrick 

owns three types of thicknesses (labeled with Arabic numbers of 1, 2 and 3), which 

further indicates the stepped structure. Based on the SAED pattern and the 

crystallographic character of monoclinic WO3, directions of the three adjacent edges 

for the nanobrick can be indexed to [001], [010] and [100], respectively (see the 

bottom right inset in Figure 3c). Representatively, Figure 3d shows a typical high 

resolution TEM image of a partial nanobrick, and illustrates clear lattice fringes. The 

interplanar spacings of 0.264 and 0.268 nm can be assigned to the (202) and (220) 

crystal planes of monoclinic WO3 phase, respectively. The angle between the [202] 

and [220] directions can be measured to be 58.2
o 

(see Figure 3d) which is in good 
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agreement with the corresponding crystallographic data (58.34
o
).  

  Based on the above analysis, we conclude that the finally obtained products, by 

hydrothermal treatment (200
o
C, 10 h) of the acidified LAL-induced colloidal solution 

with pH of 1.0, are well crystallized monoclinic WO3 nanobricks with surface stepped 

structures. 

3. Influence factors 

Further experiments have revealed that formation of the WO3 nanobricks is 

associated with many factors, such as the temperature of hydrothermal treatment, pH 

value and additives of the precursor solutions. 

3.1. The hydrothermal temperature.  

  It has been reported that the morphologies of WO3 nanomaterials by hydrothermal 

method are very sensitive to the preparation temperature
36-38

. In our study, the effects 

of hydrothermal temperature were also investigated. Figure 4 shows the FE-SEM 

images of products obtained under growth temperatures of 150
o
C, 180

o
C and 220

o
C. 

Distinguished with monodispersed nanobricks obtained at 200
o
C, it has been revealed 

that when the reaction temperature is relatively low or high (say, 150
o
C, 180

o
C or 

220
o
C), the products are the mixtures of several nanostructures, which are two or 

more types of nanoparticles, cracked nanoplates, nanorods, and irregular nanobricks. 

Also, a rectangular nanobrick can be observed for products obtained at 180
o
C, 

denoted by an arrow in Figure 4b. A tendency is obviously shown that dimensions of 

primary nanostructures become larger as hydrothermal temperature increased, as 

clearly shown in Figure 4. And only when the hydrothermal reaction takes place at an 
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appropriate temperature (about 200
o
C) can we obtain the nearly mono-dispersed and 

pure WO3 nanobricks (see Figure 3). 

3.2 pH value of the precursor solution.  

It has been found that the pH value of the colloidal precursor solution has an 

important effect on the morphologies of the products after the hydrothermal reaction. 

The freshly obtained colloidal solution (pH = 3.0) were acidified to the pH of 2.0 or 

lower, before hydrothermal treatments at 200 
o
C for 10 h. When pH = -0.6, the 

products are the mixture consisting of the dominant nanobricks and small amount of 

nanoparticles, nanoplates and nanowires, as typically seen in Figure 5a. Compared 

with those shown in Figure 3, dimensions of the nanobricks in the mixture products 

were only insignificantly decreased. When the pH was increased up to 2.0, the 

products were also well-dispersed particles. A close observation has illustrated that 

the products are mainly irregular naobricks with ca. 250 nm in size and 

surface-stepped structures, together with some much smaller nanoparticles, as 

exhibited in Figure 5b. By using the pristine LAL-induced colloidal solution without 

acidification (pH = 3.0), the products were dispersed nanoplates with polygonal 

morphology and 1-2µm in planar dimension (Figure 5c). There also exist the surface 

steps on the nanoplates. The further characterization for the fragmented nanosheets, 

which were scrapped from the nanoplates’ planar surface, was performed through 

high resolution TEM, as shown in Figure 5d. The scrapped nanosheets exhibite the 

clear lattice fringes. The interplanar spacings of 0.368 and 0.388 nm correspond to the 

crystal planes (200) and (002) of orthorhombic WO3•0.33H2O phase (JCPDS No. 
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72-0199), respectively. The measured angle (90
o
) between the [200] and [002] 

directions is well consistent with the crystallographic data. Correspondingly, XRD 

measurements have revealed that phase structure of the final products depends on the 

pH values, as illustrated in Figure 6. When the pH is 1.0 or smaller, the crystal phase 

of products is monoclinic WO3, while for that of pH = 2.0 or higher the final products 

are the orthorhombic WO3•0.33H2O phase.  

On basis of the above results, it can be concluded that with increasing the pH 

value of the precursor solution, the thickness of nanobricks decreases and evolve 

morphologically from nanobrick to nanoplate, keeping surface-stepped structure. Also, 

the higher pH conditions lead to hydrated tungsten oxide. 

3.3. Additives in the precursor 

For the fabrication of WO3 nanomaterial via hydrothermal approach, diverse 

metal salts were usually added as capping agents to modulate crystal phases, 

architectures and dimensions of finally obtained products, as previously reported
13, 14, 

39
. In our experiments, it has been found that addition of some amount of salts into the 

precursor solution lead to significant morphological changes and cannot induce 

formation of the nanobricks.  

Figure 7 shows some typical results corresponding to the pristine precursor 

solutions (pH = 3.0, Figure 7a and 7b) and acidified ones (pH=1.0, Figure 7c and 7d) 

containing 0.6 mM NaCl or KCl as additives. All the products show hierarchical 

architectures and completely different from results without metal salts additives. 

Furthermore, the dimensions of hierarchical architectures by adding NaCl as additives 
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for both pristine and acidified precursors are obviously larger than that of KCl 

additives. These two additives probably act as capping or structure directing agents in 

hydrothermal processes.  

4. Rectangular cuboidal stacking growth model 

As mentioned above, the LAL-induced colloidal solution, which was composed of 

W-O isopolyanions and amorphous isopolytungstic acid nanoparticles with ca. 1 nm 

in size, was subsequently acidified and hydrothermally treated at 200
o
C. Under the 

acidic and hydrothermal conditions, the following reactions would take place: 

        
(6) 

 

  
(7)

 

The W-O isopolyanions would hydrate and polymerize to form the isopolytungstic 

acid [reaction (6)]. Further, for the higher [H
+
] concentration (pH≤1.0 in our 

experiment), reaction (7) would occur under hydrothermal condition, or the formed 

isopolytungstic acid would dehydrate into tungsten oxide. In this case, the 

isopolytungstic acid ultra-fine nanoparticles would be gradually crystallized into WO3 

phase, which subsequently grow by consumption of the W-O isopolyanions in the 

solution according to reactions (6, 7) 

4.1 Formation of the nanosized rectangular WO3 cuboids. 

According to the Bravais law, the crystal planes with high reticular density tend to 

be the exposed surfaces during crystal growth, i.e., the direction, along which 

interplanar spacing is larger, owns a lower growth rate. The is also consistent with the 

law that well-developed architectures usually own the minimized surface energy.
40
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For monoclinic WO3 structure, the interplanar distances of different planes own an 

order of d (001) > d(010) > d(100). So, under an appropriate condition or 

quasi-equilibrium growth condition, the initial WO3 phase would grow, by 

consumption of the W-O isopolyanions in the solution, preferentially along the 

directions [100], [010] and [001] in turn, forming the rectangular cuboid WO3 with 

nanosized dimensions, as shown in Figs.8(a, b). 

4.2 Stacking growth. 

As the hydrothermal reaction is going, in addition to the normal growth by W-O 

isopolyanion-attachemnt, such nanosized rectangular cuboids would be stacked and 

linked together along the above three directions to minimize the surface energy, 

similar to the oriented connection growth
41-47

 (Fig. 8c). Finally, the nanobricks with 

dimensions of several hundred nanometers and lower surface energy are formed (Fig. 

8d and Fig.3). The stepped structure on the planar surface of the nanobricks should be 

the indications of the stacking growth. The possible grooves, from the link or oriented 

connection between the initial nanosized rectangular cuboids would disappear after 

enough long time, due to the preferential attachment of the WO3 molecules on them, 

which originate from the W-O isopolyanion (reaction 7).     

As for the influence of some factors, under lower [H
+
] concentration conditions 

(pH = 2.0 and 3.0), only reaction (6) would take place and hence the hydrated 

tungsten oxide WO3�0.33H2O was obtained. Under the lower (150
o
C, 180

o
C) or 

higher (220
o
C) reaction temperature, too slow or too fast growth could take place, 

inducing the mixture of the nanobricks and some nanosized particles which have not 
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yet stacked together (see Fig.4). Under addition of metal salts, the cations or anions in 

the precursor would act as capping or structure directing agents, leading to  

completely different morphologies.  

 

CONCLUSION 

In summary, the rectangular brick-like nanostructured tungsten oxide (WO3) has 

been fabricated based on laser ablation of tungsten flake in water and subsequent 

hydrothermal route. The nanobricks are, in the average dimensions, of ca. 200 nm in 

length, 150 nm in width and 130 nm in thickness. It has found that the reaction 

temperature, pH value and composition of the precursor in subsequent hydrothermal 

treatment are important to formation of the brick-like WO3 nanostructures. Only the 

appropriate temperature (~200
o
C) and pH value (~1.0) lead to the nanobricks. 

Formation of the nanobrick can be described by a rectangular cuboidal stacking 

growth model or the nanosized rectangular WO3 cuboids’ formation and subsequent 

stacking growth. The combination of laser ablation in liquid with hydrothermal 

treatment could provide an effective way to fabricate the morphologically tunable 

WO3 nanomaterials. The WO3 nanobricks might be the good building blocks of 

complex micro/nanostructures and devices, such as electrochromic electrodes, 

chemical sensors and so on. 
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Figures and Captions 

Figure 1 Characterization of the LAL-induced colloidal solution. (a) Optical 

absorbance spectrum. (b) TEM observations. The insets are a highly magnified TEM 

image and the corresponding SAED pattern. (c) Corresponding EDX spectrum. 

Figure 2 XRD patterns of the final products (pH = 1.0, 200 
o
C, 10 h) and the standard 

pattern of the monoclinic WO3 powders (line spectrum). 

Figure 3 Morphology and microstructure of the final products (pH = 1.0, 200 
o
C, 10 

h). (a, b): FE-SEM images. The inset in (b) is a local magnified image. (c): TEM and 

(d): high resolution TEM images. Insets in (c) are the SAED pattern (up-left) acquired 

from the direction as the arrow indicates, and an isolated nanobrick (down-right). 

Figure 4 FE-SEM images of the products after hydrothermal treatment of 

LAL-induced precursors (pH = 1.0) at (a) 150 
o
C , (b) 180 

o
C and (c) 220 

o
C for 10 

hours. 

Figure 5 The morphological dependence on pH value of the precursor soloution. The 

FE-SEM observations of the products corresponding to the precursor soloutions with 
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pH values -0.6 (a), 2.0 (b), and 3.0 (c), respectively. The insets in (c) are isolated 

nanoplates with higher magnification. (d): TEM observations of the isolated 

nanosheets that flake off surface of nanoplates in (c).  

Figure 6 XRD patterns of the products after hydrothermal treatment of the precursor 

solutions with pH = -0.6 (a) and 2.0 (b). (c): standard pattern of orthorhombic WO3˙

0.33H2O.  

Figure 7 FE-SEM images of the products after hydrothermal treatment of the 30 ml 

pristine and acidified colloidal solutions containing 0.6mM NaCl or KCl as additives. 

(a) pH=3.0, NaCl; (b) pH=3.0, KCl; (c) pH=1.0, NaCl; (d) pH=1.0, KCl. The insets in 

(a) and (c): corresponding local magnified images. 

Figure 8 Schematic illustration for the rectangular cuboidal stacking growth model. 

(a): crystallization of isopolytungstic acid ultra-fine nanoparticles into WO3, or 

formation of WO3 crystal nuclei. (b): the nanosized rectangular cuboids. (c): Stacking 

of the nanosized rectangular cuboids. (d): Formation of surface-stepped nanobrick. 

Step I: Growth of WO3 nuclei preferentially along [100], [010] and [001] directions in 

turn. Steps II and III: Continuous stacking of the nanosized rectangular cuboids. 
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Figure 1 Zhang H. W. et al 
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Figure 2 Zhang H. W. et al 
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Figure 3 Zhang H. W. et al 
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Figure 4 Zhang H. W. et al 
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Figure 5 Zhang H. W. et al 
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Figure 6 Zhang H. W. et al 

 

 

Page 27 of 29 CrystEngComm

C
ry

st
E

n
g

C
o

m
m

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



 9

 

 

Figure 7 Zhang H. W. et al 
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Figure 8 Zhang H. W. et al 
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