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a b s t r a c t

One-dimensional (1D) self-assembled single-crystalline hexagonal tungsten oxide (h-WO3) nanostruc-
tures were synthesized by a hydrothermal method at 180 ◦C using sodium tungstate, ethylenedi-
aminetetraacetic (EDTA) salts of sodium or ammonium, and sodium sulfate. Controlled morphological
modification of h-WO3 nanowire bundles was achieved and hierarchical urchin-like structures were
produced by simply substituting the sodium ions with ammonium ions in the EDTA salt solution. Self-
assembled h-WO3 nanowire bundles and nanorods that formed urchin-like structures were characterized
anostructured materials
xide materials
hemical synthesis
lectrochemical reactions
ransmission electron microscope

by X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron microscopy
(TEM) techniques. 1D self-assembled h-WO3 nanowire bundles of ∼100 nm diameter and 1–2 �m length
were comprised of several individual uniform nanowires of 4–6 nm diameter. These individual nanowires
served as building blocks of the bundles. Raman, cyclic voltammetry (CV), and photoluminescence (PL)
spectroscopy studies revealed their structure, electrochemical response, and luminescence properties. The
synthesis of 1D self-assembled h-WO3 nanowire bundles and urchin-like structures was differentiated by
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. Introduction

One-dimensional (1D) transition metal oxide nanostructures
nanowires, nanotubes, nanoribbons, and nanofibers) prepared via
elf-assembly have attracted considerable interest due to their
igh aspect-ratio structure, large surface areas, and unique physical
roperties, including optical, magnetic, and electronic characteris-
ics [1,2]. Among the various transition oxides, tungsten oxide has
eceived wide attention owing to its distinctive photo- and elec-
rochromic properties [3–6]. It is considered a promising material
or a multitude of potential applications including semiconductor
as sensors, electrode materials for secondary batteries, solar-
nergy devices, photocatalysts, erasable optical storage devices,
nd field-emission devices [6–11]. In particular, the hexagonal form
f tungsten trioxide (h-WO3), is of great interest due to its unique
unnel structure, and it has been widely used as an intercalation
ost to produce tungsten oxide bronzes, by the insertion of elec-
Please cite this article in press as: J.-H. Ha, et al., J. Alloys Compd. (2008), d

rons and protons or metal ions like Li+, Na+, K+, Zn2+, etc. into the
O3 structure.
Synthesis of single-crystalline 1D tungsten oxide nanostruc-

ures by heat treatment of tungsten foil, covered by a SiO2 plate, in

∗ Corresponding author. Tel.: +82 42 8694118; fax: +82 42 8693310.
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EDTA salt solutions.
© 2008 Elsevier B.V. All rights reserved.

n argon atmosphere at 1600 ◦C has been reported [12]. In another
pproach, a tungsten tip was electrically etched and then heat
reated at 700 ◦C under argon to yield a 1D nanostructure [13].
ecently, many researchers have attempted to develop methods to
row pure 1D tungsten oxide nanostructures at low temperature
hrough solution-based and shape-controlled self-assembly routes.

In the literature [7,14–18], the synthesis of tungsten oxide nanos-
ructure rods, wires, and belts has been reported by various reaction

ethods, including electrochemical techniques, template directed
ynthesis, chemical vapor deposition, solvo- and hydrothermal
eaction, solution-based colloidal approach, and sonochemistry
rocesses. Among them, solvo- and hydrothermal processes offer
ignificant advantages, such as total control over their shape and
ize, low processing temperature, high homogeneity, cost effec-
iveness, and easy synthesis. High quality samples can be obtained
y utilizing solvents under high pressures and temperatures to
ncrease the solubility of the solid and to enhance the rate of
he reaction. Kim and co-workers [14] utilized the solvothermal
rocess with an alcohol and water mixture to synthesize highly
riented WO3 nanowires and bundles. In addition, Gu et al. [15]
oi:10.1016/j.jallcom.2008.07.048

eported the synthesis of WO3 nanowire bundles, urchin-like, and
ibbon-like superstructures based on 1D nanoscale building blocks
y adding different sulfates with oxalic acid under hydrother-
al conditions. According to their reports, the specific interaction

etween the sulfates and the crystal surfaces in presence of oxalic

dx.doi.org/10.1016/j.jallcom.2008.07.048
http://www.sciencedirect.com/science/journal/09258388
mailto:dkkim@kaist.ac.kr
dx.doi.org/10.1016/j.jallcom.2008.07.048
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cid has played a vital role to produce hierarchical structures of
D WO3 nanocrystals. Recently, ethylenediaminetetraacetic (EDTA)
as been effectively employed in the hydrothermal process as a
helating ligand and capping reagent to produce 1D nanostruc-
ures of �-Bi2O3, YVO4, CeVO4, and LaVO4:Eu3+ rods [19–22]. As

result, the importance of EDTA as a structure-directing agent
nder hydrothermal conditions has focused our interest to utilize
DTA in the synthesis of 1D h-WO3 nanocrystals with different mor-
hologies. Therefore, the present work investigates the synthesis of
D self-assembled h-WO3 nanocrystals using sodium and ammo-
ium ions based EDTA salt solutions. Also, it is intended to identify
he experimental parameters that control the morphology of WO3
anowire and/or urchin-like structures.

In this paper, the authors report on the synthesis of 1D h-
O3 nanostructure using EDTA salt solutions and sodium sulfate

hrough a simple hydrothermal process. The process facilitates con-
rol over the shapes of nanowire bundles and nanorods, allowing
he formation of urchin-like crystalline h-WO3 via simple substitu-
ion of NH4

+ in place of Na+ ions of EDTA salt solutions.

. Experimental procedure

The analytical grade precursor chemicals used were sodium tungstate
ihydrate (Na2WO4·2H2O, 99% Aldrich), ethylenediaminetetraacetic acid
(HOOCCH2)2NCH2–CH2N(CH2COOH)2, Junsei), sodium hydroxide (NaOH, Shinyo),
mmonium hydroxide solution (NH4OH, 25%, Fluka), sodium sulfate (Na2SO4),
ydrochloric acid (HCl), and deionized (DI) water. All chemicals were used without
urther purification.

In a typical procedure to prepare the h-WO3 nanorods, 1.84 g (0.0055 mol)
a2WO4·2H2O was dissolved in 10 mL of DI water under stirring. The clear solution
as slowly acidified to a pH range of 1–1.2 using 10 mL of 3 M HCl under continuous

tirring to form a pale yellow precipitate. EDTA salt solution was prepared by dis-
olving EDTA and sodium hydroxide in 50 mL of DI water under continuous stirring.
ubsequently, the clear EDTA sodium salt solution was added to the tungsten acid
recipitated solution and diluted to 80 mL, and a specified amount of sodium sulfate
1.25–5 g) was added. 80 mL of the mixed slurry solution was transferred to a 100-

L Teflon-lined stainless steel autoclave and hydrothermal reaction proceeded at
40–180 ◦C for 4–12 h in a preheated electric oven. After the reaction, the final prod-
cts were washed sequentially with DI water and ethanol to remove the sulfate ions
nd other remnants by centrifugation. The obtained powder was subsequently dried
t 60 ◦C for 12 h in air. In the above procedure, NH4OH was added instead of NaOH to
orm an ammonium-based EDTA salt solution and an excess amount (i.e. 20 mL) of
M HCl was added to maintain the pH in a range of 1–1.2. The other conditions were
eld unchanged to prepare self-assembled nanorods that form urchin-like h-WO3

anostructures.
The synthesized h-WO3 nanostructures were characterized using an X-ray

iffractometer (XRD, Rigaku, D/max-IIIC X-ray diffractometer, Tokyo, Japan) with Cu
� radiation (� = 0.15406 nm at 40 kV and 45 mA). The sizes and shapes of the nanos-

ructures were observed on a field emission scanning electron microscope (FE-SEM
hilips XL30 FEG, Eindhoven, Netherland), a high-resolution transmission electron
icroscope (HR-TEM, JEM 3010, JEOL, Tokyo, Japan), and micro-Raman spectroscopy

LABRAM, Jobin-Yvon, France) using a 514.5 nm—line Ar ion laser in a backscatter-
ng geometry, where the laser power at the sample location was set at 1 mW. Cyclic
oltammetry (CV) was performed in a classical three electrode electrochemical cell
ithin ±0.8 V for WO3 film deposited on an ITO-coated glass substrate, by dipping

he ITO-coated glass into a highly dispersed nanostructured h-WO3 in DI water.
single-compartment cell was configured with three electrodes: an h-WO3 layer

n an ITO-coated glass substrate acted as a working electrode, a platinum wire was
sed as an auxiliary electrode, and an Ag/AgCl was used as a reference electrode and
he electrolyte was 0.1 M H2SO4. The fabricated electrochemical cell was connected
o a potentiostat/galvanostat (Princeton Applied Research 263A, TN, USA) con-
rolled by a computer program. The photoluminescence (PL) spectra were recorded
or the h-WO3 nanostructures using a photoluminescence spectrometer (PS-PLUI-
WP1400, Seoul, Korea) equipped with a 500-W Xe arc-lamp under excitation at
75 nm.

. Results and discussion
Please cite this article in press as: J.-H. Ha, et al., J. Alloys Compd. (2008), d

Nanowire bundles and urchin-like structure crystalline h-
O3 samples were synthesized through hydrothermal reaction of
a2WO4·2H2O, HCl and Na+- or NH4

+-based EDTA salt solutions in
he presence of Na2SO4. The XRD patterns for the as-synthesized
-WO3 powders using Na+ ion- and NH4

+ ion-based EDTA salt

i
s
s
s
H

ig. 1. XRD patterns of h-WO3 nanopowders: (a) nanowire bundles (Na+-based
DTA), (b) urchin-like (NH4

+-based EDTA) and (c) JCPDS card # 33-1387, hydrother-
ally synthesized at 180 ◦C for 8 h.

olutions are shown in Fig. 1. For the as-synthesized h-WO3 with
a+-based EDTA, intense and sharp diffraction peaks (Fig. 1a)
re observed, indicative of high-degree crystallinity. On the other
and, the as-synthesized h-WO3 with the NH4

+-based EDTA sam-
le showed broader peaks with less intensity (Fig. 1b). It is also
bserved that there are no other impurity phase peaks. The diffrac-
ion peaks can be indexed to the pure hexagonal phase of WO3
ith lattice constants of a = 7.2614 Å and c = 3.859 Å, which agrees
ell with the reported values of a = 7.298 Å, c = 3.899 Å, space group

6/mm from the JCPDS card # 33-1387, as shown in Fig. 1.
SEM micrographs presented in Fig. 2 show the as-synthesized h-

O3 utilizing Na+ ion- and NH4
+ ion-based EDTA salt solutions via

he hydrothermal method at 180 ◦C for 4 h and 8 h, respectively. It
s observed in Fig. 2b that the self-assembled nanowires formed
anowire bundles as a result of the synthesis approach using
a+-based EDTA salt solution. Alternatively, numerous nanorods
ere self-assembled to form an urchin-like microspherical (Fig. 2e)

tructure by the addition of NH4
+-based EDTA in place of Na+-based

DTA, while the other conditions were maintained the same. Highly
riented 1D nanowires were self-assembled to form nanowire
undles of h-WO3 having a diameter of 100–150 nm and length
f 1.5–2.5 �m, with individual nanowires of ∼4–6 nm diameter
Fig. 2b). It is observed in Fig. 2b that the single-crystalline 1D
-WO3 nanowire bundles with a flat tip end had formed after reac-
ion for 8 h. The low magnification SEM image in Fig. 2c shows the
arge area distribution of uniform nanowire bundles. Urchin-like

icrosphere structures (Fig. 2e) ∼2 �m in diameter were formed by
elf-assembly of numerous nanorods. The surfaces of these micro-
phere structures were covered by numerous nanorods such that
hey take on the appearance of urchin-like structures, and the com-
osed individual nanorods measured ∼5–20 nm in diameter. The
nergy dispersive X-ray (EDX) spectrum presented in Fig. 2f reveals
3:1 molar ratio for oxygen and tungsten elements, which solely

onstitute the composition of the h-WO3 nanorods/nanowires.
In order to elucidate the h-WO3 self-assembled nanostructure

rowth process, hydrothermal experiments were carried out under
arious reaction conditions. The SEM image (Fig. 2a) showed that a
ixture of aggregated short nanowire bundles and short nanorods
as formed after 4 h of reaction time at 180 ◦C. On the other hand,

he reaction conducted at 180 ◦C for 8 h revealed the formation of
niform self-assembled nanowire bundles (Fig. 2b and c). The SEM

+

oi:10.1016/j.jallcom.2008.07.048

mage in Fig. 2d of h-WO3 synthesized using the NH4 -based EDTA
olution at 180 ◦C for 4 h reveals smaller spheres of 100∼200 nm
ize with irregular short nanorods grown from the surface of the
pheres compared to the product formed after 8 h reaction time.
ence, it can be concluded from the above results that the for-

dx.doi.org/10.1016/j.jallcom.2008.07.048
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ig. 2. SEM images of h-WO3 nanowires bundles synthesized at 180 ◦C: (a) 4 h, (b
ynthesized at 180 ◦C (d) 4 h, and (e) 8 h, and (f) the EDX spectrum of h-WO3.

ation of highly self-assembled nanostructures, such as nanowire
undles and urchin-like structures, requires a minimum reaction
ime to form a stable coordination complex with EDTA in aqueous
olution. It is clear that a strong ligand (EDTA) is not only needed
o form a stable complex with W6+, but also the ligand binds to
he surface of the crystal, which directly affects the growth direc-
ion and crystal structure of the nanocrystals. The growth process
s considered to be similar to that reported by Gu et al. [15]. Specif-
cally, there appear to be two intermediates associated with two
rowth stages: the growth of aggregate particles is facilitated and
ollowed by the growth of 1D nanorods to form the urchin-like
tructure.

TEM and HR-TEM micrographs of h-WO3 nanostructures formed
sing Na+ ion- and NH4

+ ion-based EDTA salt solutions are shown
n Fig. 3. It is observed that self-assembled nanowires form uni-
orm rod-shaped nanowire bundles. The bundle is comprise of
everal nanowires with uniform diameter of about 4–6 nm along
Please cite this article in press as: J.-H. Ha, et al., J. Alloys Compd. (2008), d

heir entire length. The image shows clear individual nanowires in
he nanowire bundles. It is observed that self-assembled nanorods
ormed an urchin-like structure, as shown in Fig. 3c. Nanorods with
niform diameter of about 8–10 nm are observed. Furthermore,
he image shows the clear individual nanorods dispersed from the

a
N
t
c
n

higher magnification) and (c) 8 h (lower magnification), and urchin-like structure

rchin-like structure. HR-TEM images of the h-WO3 nanowire bun-
les and nanorods in urchin-like formations are shown in Fig. 3b
nd d. Here, the spacing of the lattice fringes is 0.384 nm and
.375 nm, respectively. The plane of the spacing of lattice fringes
as indexed as (0 0 1) for the h-WO3 nanostructure, which con-
rms that the nanostructures are grown along the c-axis direction,
hich is in agreement with JCPDS card #33-1387.

From sequential experimental studies, it is evident that Na+ ion-
nd NH4

+ ion-based EDTA solutions play an important role in the
onstruction of h-WO3 nanostructures with controlled morphol-
gy. The experimental results obtained under varying parameters
howed that Na2SO4 also plays a vital role in the formation of
elf-assembled nanostructures. In the present work, both nanowire
undles and nanorods formed urchin-like structures in the pres-
nce of Na2SO4 with EDTA. In contrast, controlled structural
orphologies of nanowire bundles and nanorods characterized by

rchin-like structures were only obtained by substituting the Na+
oi:10.1016/j.jallcom.2008.07.048

nd NH4
+ ions of the EDTA salt solutions. In the absence of EDTA or

a2SO4, only irregular nanoparticles were obtained. As reported in
he literature [19–22], EDTA has been widely used as for chelating,
apping, and as a structure-directing template in the synthesis of 1D
anostructured materials. Thus, it appears that Na+-or NH4

+-based

dx.doi.org/10.1016/j.jallcom.2008.07.048
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erature [23,24], these bands can be assigned to the fundamental
modes of crystalline h-WO3. The bands at 754 cm−1 and 810 cm−1

in Fig. 4a are related to O–W–O stretching modes, while the bands
at 242 cm−1 and 325 cm−1 can be attributed to the W–O–W bend-
ig. 3. TEM images of h-WO3: (a) nanowire bundles (b) HR-TEM images of individu
R-TEM images of individual nanorods, hydrothermally synthesized at 180 ◦C for 8

DTA salt can induce and significantly enhance the structure-
irecting role of sulfates in the preparation of self-assembled
ungsten oxide nanostructures. In another approach, experiments
ave revealed that reactions carried out with ammonium tungstate
nd a NH4

+ ion-based EDTA salt solution and (NH4)2SO4 yielded
rregular particles. In addition, reactions were carried using sodium
ungstate, Na+-based EDTA, and (NH4)2SO4 precursors, also result-
ng in the formation of irregular particles. The total absence of
odium ions in the reaction medium or sodium sulfate leads to
he formation of irregular particles. Therefore, the overall exper-
mental parameters require a particular amount of sodium ions in
he reaction medium for producing the needed morphology of h-

O3 nanocrystals. Thus, the sodium ions in the reaction medium
lay a unique role even though presence of ammonium ions is
equired for producing the morphology of urchin-like structure
f WO3 nanocrystals. The present work, therefore, uses sodium
ungstate, Na+ ion-, and NH4

+ ion-based EDTA salts in the presence
f Na2SO4 to yield self-assembled nanowire bundles and nanorods
n the formation of urchin-like structures, respectively. From the
bove results, EDTA salt solutions of Na+ and NH4

+ ions were found
o play an important role in controlling the different morphologies
Please cite this article in press as: J.-H. Ha, et al., J. Alloys Compd. (2008), d

nd microstructures.
Raman spectra for the as-synthesized nanowire bundles and

rchin-like structures of the h-WO3 are shown in Fig. 4. Well-
efined Raman peaks centered at 242 cm−1, 325 cm−1, 668 cm−1,
54 cm−1, and 810 cm−1 can be observed. According to the lit-

F
s

owire bundles, (c) TEM images of nanorods forming urchin-like structure and (d)
oi:10.1016/j.jallcom.2008.07.048

ig. 4. Raman spectra of h-WO3: (a) nanowire bundles and (b) urchin-like structures
ynthesized at 180 ◦C for 8 h.

dx.doi.org/10.1016/j.jallcom.2008.07.048
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Fig. 5. Cyclic voltammograms of (a) h-WO3 nanowire bundles, and inset Figure,
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V curves of urchin-like, were measured in 0.1 M H2SO4 at a scan rate of 100 mV/s
or 10 cycles and (b) CV curves of h-WO3 urchin-like structures, and inset Figure,
V curves of nanowire bundles, were measured at various scan rates of 50 mV/s,
00 mV/s, 250 mV/s, 500 mV/s, and 1000 mV/s during the 10th cycles.

ng mode of the bridging oxygen. The band at 435 cm−1 can be
ttributed to the characteristic band of crystalline WO3 [23]. Broad-
ned and slightly shifted Raman peaks at 224 cm−1, 302 cm−1,
80 cm−1 and 765 cm−1 are observed for the urchin-like struc-
ure sample presented in Fig. 4b. The fundamental cause of the
hift might be related to the hierarchical urchin-like nanostructure
ith the existence of oxygen deficiency [25]. Further investigations

f this aspect should be undertaken. In both the nanowires and
anorods, a weak shoulder at ∼660 cm−1 is observed. This could
e assigned to O–W–O stretching vibration of the bridging oxygen

n the residual hydrated tungsten oxide due to the absence of a
igh-temperature post-heat treatment step [26].

Cyclic voltammograms of nanowire bundles and urchin-like
tructures of h-WO3 layer on an ITO-coated glass substrates were
easured at various scan rates of 50 mV/s, 100 mV/s, 250 mV/s,

00 mV/s, and 1000 mV/s for a continuous number of cycles. The
oltammogram curves were sweeped in potential ranges from
0.8 V to +0.8 V for the h-WO layer on ITO-coated glass having a
Please cite this article in press as: J.-H. Ha, et al., J. Alloys Compd. (2008), d

3
orking electrode. The voltammogram curves in Fig. 5 show the

lectrochemical response of the nanowire bundles measured at
scan rate of 100 mV/s for the first 10 cycles. The CV curves in

ig. 5b, and inset were measured during the 10th cycle at various

p
t
f
a

ig. 6. Photoluminescence spectra of h-WO3 powders: (a) nanowire bundles and
b) urchin-like structures hydrothermally synthesized at 180 ◦C for 8 h.

can rates for the urchin-like sample comprised of nanorods and
anowire bundles, respectively. The obtained results are similar to
hose reported [27–29] in previous studies of proton insertion in
ungsten oxide. h-WO3 exhibited a good electrochemical response
ithout any delamination of film into the acidic solution. There

s an anodic current peak at −0.13 V for the nanowire bundles
Fig. 5a) and at 0.11 V for the urchin structure (inset Fig. 5a) sam-
le. The current response was stable without significant change in
hape, indicating excellent cycling stability of the nanowires bun-
les and urchin structure, even in acidic solution. It is observed in
ig. 5 that cathodic current increased rapidly at about −0.8 V and an
nodic current peak appeared in the potential range of about −0.4 to
0.05 V, centered at −0.13 V. The rapid increase in cathodic current
s associated with the evolution of hydrogen on the WO3 film and
he anodic current peak is due to the oxidation of hydrogen inser-
ion into the WO3 film. It is to note that anodic current peak was
lightly shifted to anodic potential as the number of cycle increased.
t is possible that the insertion of hydrogen is located initially at
eversibly active site for a moment and then is located at reversible
rap site in order to bind inserted hydrogen relatively stronger
han reversibly active site. Upon continuous number of cycles, the
mount of hydrogen located at reversible trap site increases and
he role of reversible trap site in the hydrogen insertion into the

O3 film is more significant as a result, anodic current peak slightly
hifts in the anodic direction. The CV curves shown in Fig. 5b reveal
nodic current peak with the peak potential shifted to more positive
otentials from −0.19 V to 0.26 V for measurement preformed at
ifferent scan rates of 50 mV/s, 100 mV/s, 250 mV/s, 500 mV/s, and
000 mV/s. On the other hand, in the case of the nanowire bundles,
here is a slight shift in the CV curves from −0.15 V to 0.09 V with
n increase in the scan rate (inset Fig. 5b). From the above results,
t can be concluded that the urchin-like structure experiences slow
nsertion kinetics, leading to irreversibility. Thus, the CV results of
he nanowire bundles revealed a good electrochemical reversibil-
ty of the electrode for continuous number of cycles at various scan
ates.

The PL spectra for the nanowire bundles and urchin-like struc-
ure of h-WO3 synthesized using Na+ ion- and NH4

+ ion-based EDTA
alt solution are shown in Fig. 6. The two strongest PL emission
oi:10.1016/j.jallcom.2008.07.048

eaks are centered at 2.69 eV (459 nm) and 2.39 eV (518 nm) for
he nanowire bundles and at 2.69 eV (460 nm) and 2.38 eV (518 nm)
or the urchin-like structure. The PL emission spectra show a char-
cteristic blue emission peak at 2.69 eV (459 nm), and increased

dx.doi.org/10.1016/j.jallcom.2008.07.048
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ntensity of this peak was observed for the nanowire bundles com-
ared to the nanorods forming an urchin-like structure. It has been
ell known that the size and shape of nanomaterials affect the
hysicochemical properties. In the literature [30], similar PL spec-
ra with two emission maxima at lower energies of 2.8 eV and
.3 eV were reported for a thin film of a WO3 system at 80 K. How-
ver, the emission peak at higher energy (2.8 eV) disappeared at
oom temperature. This was attributed to electron-hole radiative
ecombination, and the lower-energy peak was assigned to local-
zed states in the band gap due to impurities. The blue emission
haracterized by the PL spectra at room temperature for nanowire
undles and urchin-like structure of WO3 are well agreed with
he literature reports [31–34]. In this study, it could be suggested
hat the emissions of the nanowire bundles and nanorods sam-
les may possibly correspond to trap-state emission. During the
rocess, each oxygen vacancy would trap one electron from the
ransition level of a tungsten atom to become an ionized oxygen
acancy. As the process involved reduction reaction, many ion-
zed oxygen vacancies are expected to form. At the same time, W
toms, which contribute electrons to the trap state, tend to form
he most stable WO3 phase to charge balance the cation–anion
elationship. The blue emission of nanorods might have originated
rom the presence of oxygen vacancies or defects in the nanowire
undles resulting from faster 1D crystal growth, and hence the
igh intense PL emission would be associated with the presence of
efects.

. Conclusions

Self-assembled 1D h-WO3 nanowire bundles and urchin-like
tructures were successfully synthesized through a hydrother-
al process. A pure hexagonal phase crystalline WO3 hierarchical

anostructure was confirmed by XRD and TEM analyses. SEM
nd TEM images revealed self-assembled nanowire bundles and
anorods that formed urchin-like structures. The shapes of the h-
O3 nanowire bundles and urchin-like nanostructures could be
anipulated by application of Na+- and NH4

+-based EDTA salt solu-
ions in the presence of Na2SO4. In addition, a particular amount
f sodium ions in the reaction medium plays a unique role even
hough presence of ammonium ions is required for producing the

orphology of urchin-like structure of WO3 nanocrystals. This ver-
Please cite this article in press as: J.-H. Ha, et al., J. Alloys Compd. (2008), d

atile method provides a straightforward and efficient means of
btaining WO3 nanostructures having unique morphologies. The
haracteristic properties of the nanowire bundles were consider-
bly enhanced compared to those of the urchin-like structures,
ecause of their highly ordered self-assembled structures.
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