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a b s t r a c t

Monoclinic WO3 (m-WO3) nanoplates and nanorods were successfully synthesized by a simple
hydrothermal process using sodium tungstate dihydrate (Na2WO4·2H2O), ammonium nitrate (NH4NO3)
and polyethylene glycol (PEG) as initial precursors. Phase, morphologies and electrochemical proper-
ties of the products were characterized by X-ray diffraction (XRD), scanning and transmission electron
microscopy (SEM, TEM), high-resolution transmission electron microscopy (HRTEM), cyclic voltammetry
(CV) and linear sweep voltammetry (LSV). The effect of NH4NO3 concentration on the formation of the
pure phase of m-WO nanomaterial was studied. The product synthesized under NH NO -free condition
anorods
anoplates
ydrothermal reaction
ydrogen evolution reaction

3 4 3

was pure orthorhombic WO3·0.33H2O (o-WO3·0.33H2O) phase. By adding and increasing the amount
of NH4NO3 to the solution, m-WO3 phase started to form and became pure m-WO3 phase when 1.50 g
NH4NO3 was used. The morphology of m-WO3 was nanoplates, and became nanorods by PEG adding.
The nanostructured m-WO3 showed much higher electrocatalytic activity for hydrogen evolution from
water than that of the commercial bulk m-WO3, including the m-WO3 nanorods with slightly better than

the m-WO3 nanoplates.

. Introduction

Shape-controlled synthesis of transition metal oxide nano-
aterials with low dimensional morphologies, including zero

imensional (0D), one dimensional (1D) and two dimensional (2D)
s highly significant, for both fundamental science and techni-
al applications, because they have unique physical and chemical
roperties including optical, magnetic, luminescent and electronic.
or example, 0D nanomaterials have potential applications in bio-
ogical imaging and diagnostics, magnetic nanoprobes, information
torage, chemical sensors, and highly active catalysts. 1D and
D nanomaterials have important applications in lasers, display

evices, nanoscale electronic circuits, and can be utilized as active
ites for catalysts and applied in sensing nanodevices for electronic,
agnetic, and optical applications [1–5].
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Tungsten oxide (WO3), an important n-type semiconductor,
has received wide attention owing to its promising application
for electrochromic and photochromic devices, secondary batteries,
photocatalysts, gas sensors, heterogeneous catalysts, solar energy
devices, field electron emission and electrocatalyst in electrol-
ysis of water for hydrogen production [4–10]. The monoclinic
WO3 (m-WO3) has been focused by scientists and researchers
in last decades because it is more stable phase than any other
WO3 structures [1,2,5,7,11]. The m-WO3 structure has a dis-
torted ReO3-type consisting of a three-dimensional network of
WO6 octahedrons [11]. The WO3 with different morphologies such
as nanorods [12], nanocubes [5], nanoplates [1,2] and nanopar-
ticles [6,8] was successfully synthesized by various methods,
including inorganic–organic hybrid method [1,2], hydrothermal
reaction [5,12], thermal oxidization [8], pulsed spray pyroly-
sis deposition technique [10], and wet chemical precipitation
[13]. Among them, hydrothermal process offers significant advan-
tages in controlling over the product shape and size at low
processing temperature, extreme homogeneity, and cost effec-
tiveness [14,15] by combining with soft templates as chelating

ligands and capping reagents such as polyethylene glycol (PEG)
[16,17], polyvinyl alcohol (PVA) [18,19] and ethylene diamine
tetra acetate (EDTA) [20,21] to produce 1D nanomaterials. In this
work, PEG was selected to direct the 1D growth of self-assembled
WO3.

dx.doi.org/10.1016/j.cej.2010.09.003
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The present research was focused on the synthesis of monoclinic
O3 (m-WO3) nanoplates and nanorods for use as electrocata-

yst for hydrogen evolution reaction (HER) by simple hydrothermal
ethod using sodium tungstate dihydrate (Na2WO4·2H2O) as

ungsten source, ammonium nitrate (NH4NO3) for controlling
onoclinic structure, and polyethylene glycol (PEG, MW = 20,000)

or controlling 1D shape. The synthesis parameters, leading to
ifferent phases and morphologies of WO3 nanomaterials, were
tudied and discussed in this report. The phase and morphologies
f m-WO3 nanomaterials were investigated by X-ray diffraction
XRD), scanning electron microscopy (SEM), and transmission elec-
ron microscopy (TEM). The electrocatalytic hydrogen evolution
eaction from water for different morphologies of WO3 (nanoplates
nd nanorods) was investigated by cyclic voltammogram (CV) and
inear sweep voltammetry (LSV).

. Experiment

.1. Preparation of m-WO3 nanoplates and nanorods

The precursor was prepared by dissolving 2.0 g sodium
ungstate dihydrate (Na2WO4·2H2O) as tungsten source in 50 ml
f 6 M HCl solution under 30 min stirring to form H2WO4 solu-
ion. Then 30 ml of 1.50 g ammonium nitrate (NH4NO3) solution
or controlling monoclinic structure was mixed in the solution for
he synthesis of WO3 nanoplates. To prepare WO3 nanorods, 1.0 g
f polyethylene glycol (PEG, MW = 20,000) for controlling 1D shape
as added to the mixture of Na2WO4·2H2O and NH4NO3. The PEG-

dded solution was stirred until achieving the completely colorless
olution. The precursors with and without PEG solution were trans-
erred into 100 ml Teflon-lined stainless steel autoclave, which was
rocessed at 200 ◦C for 24 h in an electric oven. At the completion of
he process, the resulting precipitates of light-yellow (nanoplates)
nd yellow-green (nanorods) were separated by filtering, washed
ith distilled water to remove the remaining ions and ethanol to

acilitate the evaporation of water, and finally dried at 100 ◦C in air
or 12 h.

.2. Characterization of phase and morphology

The phase of the products was characterized using X-ray diffrac-
ion (Mac Science M18XHF diffractometer) with a Ni-filter and
u-K� X-ray radiation source, and morphology using Hitachi, S-
200, scanning electron microscope (SEM) and JEOL, JEM-2100F,
ransmission electron microscope (TEM) and high resolution trans-

ission electron microscope (HRTEM).

.3. Electrochemical characterization

The glassy carbon electrode (geometric surface area of glassy
arbon = 0.0707 cm2), Pt wire, and Ag/AgCl electrode were used as
orking, counter and reference electrodes, respectively. 1 M H2SO4

olution was used as electrolyte for cyclic voltammogram and lin-
ar sweep voltammetry performed on a Princeton Applied Research
PAR) potentiostat. The working electrodes were prepared by cat-
lytic ink – dispersing 20 mg catalyst in 1000 �l distilled water and
0 �l of 5 wt% Nafion under 30 min ultrasonic radiation. A known
mount of catalytic ink was dropped on a glassy carbon electrode
nd dried at 100 ◦C for 4 min. Coat on the surface of the glassy car-
on electrode by 10 �l of 5 wt% Nafion, and leave for evaporation.
. Results and discussion

XRD patterns of WO3 synthesized in the solutions with and
ithout PEG by the hydrothermal process at 200 ◦C for 24 h are
Fig. 1. XRD patterns of m-WO3 synthesized by hydrothermal method at 200 ◦C for
24 h using Na2WO4·2H2O, NH4NO3 with and without PEG.

shown in Fig. 1. All diffraction peaks are consistent with those
expected for monoclinic WO3 phase (m-WO3), comparing to the
JCPDS No. 83-0950 as standard [22]. No any other impurities were
detected, showing that the products are pure phase. Peak intensi-
ties are high and sharp, indicating that the products are very good
crystalline. It is worth to note that the strong diffraction peak of
the (0 0 2) plane is higher than those of other diffraction planes,
revealing the m-WO3 structure with highly anisotropic growth in
the c-axis [7,11,23,24].

To investigate the role of NH4NO3 in determining the phase of
the product, m-WO3 nanostructures were synthesized by varying
the amount of NH4NO3 and using different kinds of salts. Fig. 2
shows the XRD patterns of the products synthesized using different
masses of NH4NO3 (0.00–1.50 g) at 200 ◦C for 24 h. In NH4NO3-free
solution, XRD pattern shows the pure orthorhombic WO3·0.33H2O
phase (o-WO3·0.33H2O) corresponding to the JCPDS No. 35-0270
[22]. When NH4NO3 was added to the solution, and its masses were
increased from 0.25 to 1.00 g, the products were mixtures of o-
WO3·0.33H2O and m-WO3 phases. The content of o-WO3·0.33H2O
decreased with the increase in the NH4NO3 concentration. Pure m-
WO3 phase was achieved when 1.50 g NH4NO3 was added to the
solution. Other inorganic salts of NH4Cl, LiNO3 and KNO3 were used
to investigate the formation of m-WO3 phase. Their XRD patterns
are shown in Fig. 3, and were interpreted as the mixtures of m-WO3
and o-WO3·0.33H2O phases. These results indicate that NH4NO3
and its different concentrations play the role in controlling the pure
phase of monoclinic WO3 structure.

Morphologies of the products were investigated by scanning
electron microscope (SEM) and transmission electron microscope
(TEM). SEM image of m-WO3 synthesized without PEG (Fig. 4)
shows the nanoplates over the range of 0.50–1.00 �m wide and
0.10–0.20 �m thick. TEM and HRTEM images of m-WO3 nanostruc-
ture synthesized in the PEG-added solution are shown in Fig. 5.
The low and high magnifications clearly indicated as the m-WO3
nanorods with 8–10 nm in diameter and 50–200 nm in length, but
no detection of other morphologies. The HRTEM image (inset of

Fig. 5b) shows lattice fringe of crystallographic planes that are
perpendicular to the m-WO3 nanorods with 3.76 Å space, corre-
sponding with that of the (0 2 0) plane of the JCPDS No. 83-0950 as
standard. This demonstrated that the m-WO3 nanorods grew along
the [0 1 0] direction, difference from the report of Bathe and Patil
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Fig. 4. SEM image of m-WO3 synthesized in the PEG-free solution by hydrothermal
method at 200 ◦C for 24 h.
ig. 2. XRD patterns of the products synthesized using different masses of NH4NO3.

growing along the c-axis direction [7]. In conclusion, the mor-
hologies of the as-synthesized m-WO3 nanostructure changed
rom nanoplates to nanorods by PEG adding. Thus PEG played a
ole in controlling the m-WO3 nanostructured morphologies.

Formation mechanisms of m-WO3 nanoplates and nanorods are
ble to be described as follows [24,25].
H+ + WO4
2− + nH2O ↔ H2WO4·nH2O (1)

2WO4·nH2O ↔ WO3 + (n + 1)H2O (2)

ig. 3. XRD patterns of the products synthesized using 1.50 g of (a) NH4Cl, (b) LiNO3

nd (c) KNO3.

Fig. 5. TEM images of m-WO3 nanorods at (a) low and (b) high magnifications,
including its HRTEM image (inset).
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ig. 6. Cyclic voltammograms and stability for 40 cycles (insets) of (a) m-WO3

anoplates and (b) m-WO3 nanorods.

By dissolving sodium tungstate dihydrate, the colorless solution
ormed. Then this colorless solution transformed into the yellow
ne upon adding of HCl solution, thus show the possible formation
f tungstic acid solution [23,26]. Under hydrothermal treatment,
he tungstic acid in the presence of NH4NO3 with and without
EG was dissolved and decomposed into different shapes of m-
O3. For m-WO3 in PEG-free solution under hydrothermal system,
O3 nuclei rapidly formed from the precursor, subsequently these

uclei served as seeds, grew due to self-assembled process and
eveloped into m-WO3 nanoplates [2]. When PEG was added, the
elf-assembled process was inhibited by heavy capping of PEG at
he very beginning of the nucleation, and small nuclei formed [27].
nitially, PEG adsorbed on the surface of m-WO3 nuclei, which sub-
equently grew in the [0 1 0] direction via the self-diffusion process.
inally, m-WO3 nanorods were synthesized and detected.

The hydrogen evolution reaction (HER) of m-WO3 nanoplates

nd nanorods was studied using cyclic voltammetry (CV), and linear
weep voltammetry (LSV), including the Tafel plots in comparison
ith the commercial m-WO3 – the particle size was below 50 nm

nd the surface area was around 16 m2/g via peak calculation of
Fig. 7. (a) Linear voltammograms, and (b) Tafel plots of pure glassy carbon, com-
mercial m-WO3, m-WO3 nanoplates and m-WO3 nanorods.

XRD. The active capacity values of m-WO3 nanoplates and nanorods
were measured by CV in 1 M H2SO4 solution over the potential
range of −0.20 to +1.00 V at a scan rate of 50 mV/s for 40 cycles.
Fig. 6 shows the cyclic voltammograms of 2D m-WO3 nanoplates
and 1D m-WO3 nanorods. The cathodic current density at −0.2 V
are 17.58, 17.29 and 17.04 mA/cm2 for m-WO3 nanoplates; and
23.86, 22.07 and 21.18 mA/cm2 for m-WO3 nanorods at 1, 20 and
40 cycles, respectively. The stability for HER of m-WO3 nanoplates
and nanorods were decreased to 1.9 and 5.0% after 40 cycles. In
these voltammograms of m-WO3 nanoplates and nanorods, two
kinds of cathodic current density peaks involved during hydro-
gen evolution were observed at −0.15 V and +0.01 V for m-WO3
nanoplates, −0.11 V and +0.09 V for m-WO3 nanorods. These two
peaks indicated that hydrogen evolution occurred on different
planes of m-WO3 nanoplates and nanorods. In addition, the differ-
ent peak potentials and CV behaviors between m-WO3 nanoplates
and nanorods could originate from the different electrocatalysis.
In CV results, the former peaks have shown the higher current

density than those of the later ones. However, the former was con-
sidered as the main plane for hydrogen evolution of m-WO3 due
to their higher cathodic current densities. Thus, for obvious elec-
troactivities of HER, the cathodic current density examined by the
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Table 1
Electrocatalytic properties of m-WO3 commercial, m-WO3 nanoplates, and m-WO3 nanorods for HER.

Electrocatalyst Specific activity at 0.0 V (mA/cm2) Specific activity at −0.1 V (mA/cm2) Tafel slopea (mV/dec) Io (mA/cm2)

m-WO commercial −0.25 −1.08 −135 0.28
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[25] X. Li, G. Zhang, F. Cheng, B. Guo, J. Chen, J. Electrochem. Soc. 153 (2006)
3

m-WO3 nanoplates −1.54 −6.67
m-WO3 nanorods −2.17 −8.61

a In the low over-potential region between +0.010 and −0.015 V.

ain plane showed the large cathodic current density of m-WO3
anoplates and nanorods with linear sweep voltammograms.

Fig. 7a shows the linear sweep voltammograms of the products
t the potential range of −0.100 to +0.075 V. The glassy carbon elec-
rode did not show HER activity under this potential region. The
urrent densities of HER on the m-WO3 nanoplates and nanorods
ere more than that of the commercial m-WO3. The specific activ-

ty values of HER at 0.0 and −0.1 V are −0.25 and −1.08 mA/cm2

or commercial bulk m-WO3, −1.54 and −6.67 mA/cm2 for m-WO3
anoplates, and −2.17 and −8.61 mA/cm2 for m-WO3 nanorods,
espectively. Especially for m-WO3 nanoplates and nanorods, their
lectroactivities at −0.1 V were 6 and 8 times higher than that of
he commercial bulk m-WO3, respectively. Electrochemical activi-
ies of m-WO3 for hydrogen evolution were enhanced by changing
rom bulk particles to 2D nanoplates and 1D nanorods.

Tafel plots of commercial m-WO3, m-WO3 nanoplates and
-WO3 nanorods calculated and transferred from their linear

weep voltammograms at low over-potential region between
0.015 and −0.105 V are shown in Fig. 7b. The Tafel slopes for
he electrocatalysts (Table 1) of commercial m-WO3, m-WO3
anoplates and m-WO3 nanorods are −135 mV/dec, −122 mV/dec
nd −113 mV/dec, respectively. Throughout these Tafel slope, the
umber of electrons related with hydrogen evolution were also
alculated. The number of electrons is 0.88 for commercial bulk m-

O3, 0.97 for m-WO3 nanoplates and 1.05 for m-WO3 nanorods.
he 1D m-WO3 nanorods have shown the highest value among
hese electrocatalysts, and very close to the theoretical number of
lectrons for HER. In addition, the exchange current (io) density of
D m-WO3 nanorods is 2.09 mA/cm2. This value shows the higher
ctivity than those of the 2D m-WO3 nanoplates (1.61 mA/cm2) and
ommercial m-WO3 (0.28 mA/cm2). The higher exchange current
ensity of m-WO3 nanorods is more appropriate for electrocata-

yst than the m-WO3 nanoplates and commercial m-WO3, which
mplied the lower intrinsic resistance for electronic diffusion in the
lectrochemical reactions [9,28]. These electroactivities are well
orrelated with the previous unique physical properties such as dif-
erent morphologies and high crystallinity. Among these products,
D m-WO3 nanorods have led to the highest electrochemical activ-

ties for hydrogen evolution – originated from the increase in the
ctive sites for electrochemical reactions and rapid electron trans-
er progressed along with the crystal growth direction in the 1D
nique morphology.

Due to these results, m-WO3 nanoplates and nanorods are
elieved to preserve the enhanced electrochemical activities and
tabilities that are the candidates in electrocatalyst for hydrogen
volution from water.

. Conclusions
Monoclinic WO3 nanoplates (2D) and nanorods (1D) were suc-
essfully synthesized by the hydrothermal process. The phase of

O3 was controlled by different kinds of salts and concentrations.
ure phase of m-WO3 nanoplates was obtained by adding 1.5 g
H4NO3 in the solution, and the morphology transformed from

[

[
[

−122 1.61
−113 2.09

m-WO3 nanoplates to m-WO3 nanorods by the addition of 1.5 g
NH4NO3 and 1.0 g PEG to the solution. The electrochemical activ-
ities of m-WO3 nanoplates and nanorods for HER were shown
to have the better enhanced activity than the commercial bulk
m-WO3. The unique nanostructured m-WO3 has shown the new
possibility for hydrogen evolution reaction (HER) from water.
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