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Tungsten oxides with different morphologies including platelet-like sheets, nanobelts, and nanoparticles
have been successfully prepared by changing the ions in the synthetic solution. Transmission electron
ccepted 31 March 2010
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microscopy, X-ray diffraction, Fourier-transform infrared analysis and N2 adsorption were employed to
reveal the morphological evolution, and results show that the morphological evolution can be attributed
to the alteration of coordination environment of tungstenic cations contained in the synthetic solution.
Furthermore, these products have been applied into hydrodesulfurization measurement to investigate
the relationship between the morphologies of tungsten oxides and their catalytic properties. It is con-
cluded that the catalysts originating from nanobelt-like tungsten oxides have highest catalytic activity

due to
emiconductors and excellent selectivity

. Introduction

It is well known that physical and chemical properties of mate-
ials strongly depend on their structure, morphology, size, phase,
tc [1,2]. Therefore, since the discovery of carbon nanotubes in
991, nanosized building blocks such as nanorods, nonowires, and
anobelts have attracted great interest due to their exceptional
eometric and electronic properties [3]. Over the past decades,
ransition metal oxides have received increasing attention in the
bottom-up” synthesis of nanomaterials. Amongst them, tungsten
xides are an important family of inorganic materials that have high
pplication potential in various fields such as optchromic, elec-
rochromic, and catalysis [4,5]. Much effort has been devoted to
heir synthesis and some achievements have been obtained. For
xample, WO3 nanorods were synthesized by thermal decompo-
ition of W(CO)6 in oleylamine in the presence of mild oxidant
e3NO·2H2O [6]. In spite of these thought-provoking works, some

hallenges are still faced. Firstly, finding a facile and ligand-free
pproach remains to be needed. Secondly, it is rarely reported to
ate, to the best of our knowledge, to investigate the morpholog-

cal evolution. Finally, it is meaningful to study the relationship
etween the morphology and specific properties such as catalytic

ctivity of hydrodesulfurization (HDS) [7,8].

Herein, we report the facile synthesis of tungsten oxides. Partic-
larly, the morphologies of these oxides are successfully varied by
hanging the ions in the synthetic solution. Not only is the mecha-
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their scrolled character and strong metallic edges.
© 2010 Elsevier B.V. All rights reserved.

nism of morphology evolution discussed based on the detailed data,
but also is the HDS activity of these oxides investigated.

2. Experimental

Typically, 2.1 g of Na2WO4 was dissolved in 30 mL deionized water to form a
transparent solution. Then the same volume of 1 M HCl solution was added slowly
into under magnetic stirring. After half an hour, the suspension was transferred into
a Telflon-lined stainless steel autoclave, and then hydrothermally treated at 180 ◦C
for 12 h.

X-ray diffraction (XRD) measurements were carried out between 5◦ and
65◦ using a Philips XPERT powder diffractometer with CuK˛ radiation (wave-
length = 1.54 Å). The morphology was characterized by a Joel 2010 transmission
electron microscopy (TEM) operating at 200 kV. Fourier-transform infrared
(FTIR) spectra were collected with a NEXUS 470 spectrometer in the range of
400–2000 cm−1 using the KBr-pellet method. Brunauer–Emmett–Teller (BET) nitro-
gen adsorption was measured by Shimadzu-Micromeritics ASAP 2010 instrument.

The as-synthesized oxides were sulfided in situ using an n-decane solution
containing 5 wt% CS2 at 360 ◦C for 3 h, and the flow rate was 0.2 mL min−1. The
total pressure was 4.2 MPa (hydrogen, flow rate of 180 mL min−1). Catalytic reaction
was firstly measured at 280 ◦C, and carried out in a high-pressure flow microreac-
tor. Reactant feed was the cyclohexane solution containing 0.45 wt% 4,6-dimethyl
dibenzothiophene (4,6-DMDBT). An equivalent amount of decalin was added into
the solution as an internal reference for quantitative analysis. The flow rate for the
reactant feed was 0.4 mL min−1. The reaction effluents were condensed and analyzed
by chromatography equipped with a capillary column (OV-17, 25 m long, 0.25 mm
internal diameter). The operation at 300 ◦C was similar to that above.

3. Results and discussion
3.1. TEM analysis

In the typical procedure, light yellow precipitates appeared
gradually while 1 M HCl solution was added dropwise into the

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:beiyf2003@yahoo.com.cn
dx.doi.org/10.1016/j.matchemphys.2010.03.086


226 Y. Bi et al. / Materials Chemistry and Physics 123 (2010) 225–230

F Na2W
b Na2W
s

N
u
3
m
o
s
s
1
h
i
p
i
t
f
s
f
n
c
p
f

i
c
s
s
o
o

ig. 1. TEM images of various products: (a) the precipitates formed by acidifying
ut hydrothermal treatment at 180 ◦C for 12 h, (c) products obtained by acidifying
uspension at180 ◦C for 12 h and (d) similar to part (c), but 2 M H2SO4 solution.

a2WO4 solution. TEM image reveals that the morphology of prod-
cts is irregular (Fig. 1a). Interestingly, larger platelets about 200 by
00 nm were obtained when the above suspension was hydrother-
al treated at 180 ◦C for 12 h (Fig. 1b). To gain more information

n the morphological change, we varied the concentration of HCl
olution from 0.5 to 3 M. Results show that the morphology and the
ize of products are concentration-independent. However, when
M H2SO4 instead of HCl is used to acidify Na2WO4 solution, the
ydrothermal treatment products are nanoplatelets and their size

s about 20 by 30 nm (Fig. 1c). Further experiments reveal that these
roducts are concentration-dependent, and can be transformed

nto nanoparticles with diameter less than 10 nm when the concen-
ration of H2SO4 solution reaches 2 M (Fig. 1d). Another evidence
or the morphology change is the results of N2 adsorption. The BET
pecific surface areas are 8 m2 g−1 for irregular products, 15 m2 g−1

or larger platelets, 42 m2 g−1 for nanoplatelets, and 102 m2 g−1 for
anoparticles. Based on the BET results it is known that the BET spe-
ific surface areas are comparable for irregular particles and larger
latelets. The increase of BET specific surface area actually occurs
or nanoplatelets and nanoparticles.

It is important to note that a few nanobelts are also observed
n Fig. 1c (noted by arrows), which leads one to consider that the

onditions being beneficial to form nanobelts may exist in this
ynthetic solution. When the ions in the synthetic solution are con-
idered, Na+ and SO4

2− attract more attentions. To reveal the nature
f the formation of belt-like morphology we have introduced 10 g
f Na2SO4 into the suspension obtained by acidifying Na2WO4
O4 in 1 M HCl solution, without hydrothermal treatment, (b) similar to part (a),
O4 in 1 M H2SO4 solution and subsequently hydrothermal treating the resulting

solution in 1 M HCl. Subsequently, the mixture was hydrother-
mally treated at 180 ◦C for various durations. Results are shown
in Fig. 2a–d. When the reaction was run for 4 h, short nanobelts
and small particles (Fig. 2a) are observed. As the reaction proceeds,
small particles disappear and only nanobelts with deficiencies are
observed (Fig. 2b), which indicates that the formation of nanobelts
is at the cost of small particles. Furthermore, the length of the
nanobelts increases with the reaction duration (Fig. 2c). At last, per-
fect nanobelts about 5 by 200 nm are harvested after the reaction
is run for 12 h (Fig. 2d).

3.2. XRD analysis

Fig. 3 shows XRD patterns of the various products. When Na2SO4
was not employed, the hydrothermal treatment products are pure
WO3 (JCPDS No. 43-1431, Fig. 3a) whatever the acidification was
accomplished by HCl or H2SO4. When Na2SO4 was employed, the
products consist of two crystalline phases (Fig. 3b), WO3·0.5H2O
(JCPDS No. 44-0363) and WO3·0.33H2O (JCPDS No. 35-1001). The
change of crystalline phase indicates that Na2SO4 has a great impact
on not only the morphology of products, but also their structure.
3.3. FTIR analysis

Considering that XRD pattern only reveals the bulk information
of the measured sample, FTIR was also applied to find the subtle
difference in as-synthesized products. Indeed, a clear difference is
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ig. 2. TEM images of products obtained by hydrothermal treating 10 g Na2SO4 and
ifferent durations: (a) 4 h, (b) 8 h, (c) 10 h and (d) 12 h.

hown in Fig. 4. For larger platelets, we only observed the peaks
epresenting W = O stretching vibrations (Fig. 4a). For nanoplatelets

−1
nd nanobelts, the peaks at 1210 and 1103 cm , representing the
tretching vibration of SO4

2− [9,10], are observed (Fig. 4b and c), and
ecome stronger in Fig. 4c. The difference indicates the adsorption
ffect of SO4

2− cations may play an important role on the formation
f nanoplatelets and nanobelts.

ig. 3. XRD patterns of various products obtained by hydrothermal treating the
uspension obtained by acidifying Na2WO4 solution in 1 M HCl solution: (a) without
a2SO4, pure WO3 and (b) with Na2SO4, two crystalline phrases: WO3·0.5H2O noted
y (�) and WO3·0.33H2O noted by (�).
spension obtained by acidifying Na2WO4 solution in 1 M HCl solution at 180 ◦C for

3.4. Mechanism of morphology evolution
It is well known that tungsten acid precipitates can be formed
when Na2WO4 solution is acidified [11,12]. The coordinate envi-
ronment of a W ion in tungstic acid is shown in Fig. 5a [13]. Such
coordination results in difficult protonation due to the weak basic-

Fig. 4. FTIR spectra of as-synthesized products: (a) larger platelets, (b) nanoplatelets
and (c) nanobelts.
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Fig. 5. Schematic diagram of the coordination environment of various products: (a)
H2WO4 formed after the acidification, (b) protonation due to hydrothermal treat-
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metallic edges easily bind the reactants containing sulfur. Fur-
ent, (c) SO4
2− anions adsorbing on crystal clusters and (d) coordination expansion

ue to strong electrostatic repulsions.

ty of strongly bonded terminal W = O. Therefore, in our case the
rystalline growth was accomplished by oxolation and olation,
hich generated irregular morphology.

After the hydrothermal treatment, platelet-like products were
ormed, which suggests a change of coordination environ-

ent. A possible explanation is like this: due to the Brownian
otion acceleration and the increased autogenous pressure during

ydrothermal treatment, a great part of H+ cations could become
ore active, which overcame the weak basicity of terminal W = O.
s a result, the protonation was accomplished, and four OH groups
ere formed (Fig. 5b). Therefore, products grew only by oxolation.

t should be noted that the completion of protonation depends only
n whether the energy (temperature in our case) is enough, not on
he amount of H+ cations, so it is understandable that the products
n Fig. 1b are concentration-independent.

The fact that the size of products decreases when acidifica-
ion was fulfilled by H2SO4 instead of HCl indicates that another
imitation effect on the crystal growth of products in addition to
he protonation has happened during the hydrothermal treatment.
ventually, not only our FTIR spectra and TEM images, but also past
esearches have demonstrated that SO4

2− anions had a limitation
ffect on the crystal growth due to their strong adsorption [14–16].
n our case, SO4

2− anions would adsorb on crystal clusters after
rotonation was completed (Fig. 5c), and hindered crystal growth
y oxolation, which resulted in nanoplatelet. Such limitation effect
ecame more apparent with the increase of the concentration of
O4

2− anions. Once the concentration of SO4
2− anions was high

nough, small nanoparticles could be produced.
The structural change due to the addition of Na2SO4 sug-

ests that Na2SO4 should play important roles. The following fact
nveils the nature of such change: Na2SO4 will be hydrolyzed

n the aqueous solution, and then a microenvironment with rich
2O molecules is formed [17]. When this solution was hydrother-
ally treated, coordination expansion led to the formation of

ixfold coordinated W6+ ion by the nucleophilic addition of two
ater molecules. However, as the preferred coordination of W6+

on is known to be mono-oxo, the neutral precursor should be
O(OH)4(OH2) (Fig. 5d). Under hydrothermal condition, electro-

tatic repulsions between highly charged W6+ ions were stronger,
hich led to the formation of open structures such as WO3·0.33H2O

13].
Generally, it is hard to accurately determine the mechanism of

he formation of one-dimensional materials. But the experiments

argeting to investigate the formation of nanobelts have revealed
hat this formation was at the cost of nanoparticles. Due to their
izes, nanoparticles can be considered as nanocrystals. The past
esearches have pointed out that in a supersaturated solution there
Physics 123 (2010) 225–230

was a spherical diffusion layer around each nanocrystal, where the
concentration of solute keeps unchanged [18–20]. According to the
Gibbs–Thompson theory, different growth rates of lateral direc-
tions will be occurred due to deficiencies and dangling bonds on
the surface of nanocrystals. To keep the spherical diffusion layer, a
great quantity of solute was continuously supplied into the layer.
As a result, nanocrystals grow into one-dimensional nanobelts. A
more beneficial condition for nanobelt growth is that the chemical
potential of the solution is higher than that of nanocrystals, so it is
not surprising that Na2SO4 is more beneficial to the formation of
nanobelts than H2SO4 since its ionization is easier. Of course, the
above results only indirectly show the growth of nanocrystals. To
precisely reveal this more powerful tools like in situ characteriza-
tion are needed.

3.5. Catalytic measurement

Since the morphology of catalysts has an important effect on
their catalytic behaviors [7,21], we have tested as-synthesized
tungsten oxides with different morphologies. The catalysts
obtained by sulfiding as-synthesized oxides are termed as Cata-LP,
Cata-NP, and Cata-NB depending on their morphologies (LP: large
platelets, NP: nanoplatelets, NB: nanobelts). XRD patterns of these
catalysts (data not shown) have no difference and coincide well
with typical that of WS2.

For 4,6-DMDBT, reaction routines have been well developed
[8,22]. Generally, the final products include two kinds of hydro-
carbons. One is methylcyclohexyltoluene (MCHT) obtained by
hydrogenation of aromatic rings (HYD), the other is dimethyl-
biphenyl (DMBP) obtained by direct desulfurization (DDS). So the
selectivity is defined as HYD/DDS = MCHT/DMBP.

The morphologies of sulfided catalysts are shown in Fig. 6, and
it can be drawn that catalysts have fallen into pieces after HDS
reaction. The close examination of high-resolution transmission
electron microscopy (HRTEM) reveals the difference in nanoslabs of
these catalysts (Fig. 6a–c, insets). There are long and bent nanoslabs
in Cata-LP (Fig. 6a, inset), short and straight in Cata-NP (Fig. 6b,
inset), but long and straight in Cata-NB (Fig. 6c, inset).

Fig. 7 shows the catalytic activity (Fig. 7a) and the selectivity of
catalysts (Fig. 7b) at 280 and 300 ◦C. An interesting point is on the
catalytic activity and selectivity of Cata-NB. The highest catalytic
activity is contrary to the general view due to its long nanoslabs
[21,23]. After a close examination, a possible reason has been pro-
posed. We can find that the spacing of nanoslabs in this catalyst
(0.68 nm, Fig. 6c, inset) is larger than normal interplanar spacing
(0.62 nm). In particular, we observe that the nanoslabs are slightly
curved. These evidences show a scrolled character in Cata-NB [24]
that can allow H2 and H2S to diffuse into the spacing, and then
cause a more effective reduction–sulfidation–reduction reaction
(WO3 → WO2 → WS2 → W) that can produce a numerous of vacan-
cies considered as catalytic sites. The rising catalytic activity of
Cata-NB with the increase of HDS reaction temperature supports
again the above analysis.

More interestingly, Cata-NB has a more balanced selectivity
that is pursued in developing efficient catalysts particular for
selective HDS. It is known from the above analysis that the long
and straight nanoslabs originated from the one-dimensional mor-
phology. Theoretical calculation has shown that the geometric
and electronic configuration of edges exposed by these slabs dif-
fered from the bulk, and has strong metallic character [25]. The
thermore, when hydrogen is available at the neighboring edge
sites in the form of SH groups, hydrogen transfer reactions may
take place, and then aromatic ring hydrogenation may happen
[26,27].
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Fig. 6. TEM and HRTEM (insets) images of spent cata

Fig. 7. Catalytic properties of obtained catalysts at 280 and 300 ◦C: (a) catalytic
activity and (b) catalytic selectivity.
lysts: (a) Cata-LP, (b) Cata-NP and (c) Cata-NB.

4. Conclusion

This paper presents a facile and shape-controlled synthesis of
tungsten oxides. In particular, we have varied morphologies of as-
synthesized products from different size of platelets to nanobelts,
and to nanoparticles. The morphology evolution can be attributed
to the change of coordination environment of a W6+ ion. When the
catalysts obtained by sulfiding as-synthesized tungsten oxides are
applied into HDS measurement, an important conclusion is drawn:
long and straight nanoslabs can be observed in the catalyst originat-
ing from tungsten oxide nanobelts. Such nanoslabs have a scrolled
character and strong metallic edges, which promotes the catalytic
activity and selectivity. The results open the possibility of not only
the analogue preparation, but also the development of higher effi-
cient catalysts for the HDS reaction.
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