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Through the controlled removal of surfactant from the presynthesized mesolamellar precursor (WO-L) at elevated
temperature, tungsten oxide nanowires with diameters ranging from 10 to 50 nm and lengths up to several micrometers
were obtained on a large scale. The structure, morphology, and composition of the nanowires were characterized
by the XRD, TEM, HRTEM, EDX, and Raman spectra.

Introduction gies, including laser-assisted catalytic growth, thermal evapo-
Among the numerous transition metal semiconducting fation, and wet chemical reactions, have been investigated,
oxides, tungsten oxides are of intense interests and have beefi"d various kinds of one-dimensional (1D) nanostructures,

investigated extensively for their distinctive properfies.  Such as Si, GaN, ZnO, Sp(CdSe, and Mng have been
With outstanding electrochromic, optochromic, and gaschro- fabricated so faf* However, studies on nanoscaled
mic properties, tungsten oxides have been used to construcfUngsten oxides were comparatively rare because of lack of
flat panel displays, photoelectrochromic “smart” windows, Preparation methods for such materials. Vgry recently, Liu
optical modulation devices, writingreading-erasing optical €t al. met the challenge and developed a simple method to
devices, gas sensors, humidity and temperature sensors, an@repare tungsten oxide nanowires directly from tungsten
so forth!~4 Recently, some nonstoichiometric tungsten oxides Metal** In this manuscript, we reported a large-scale
have attracted considerable attention in physics, chemistry,Synthes'S strategy of tungsten oxide semiconductor nanowires
and materials areas for their interesting electronic properties,through the controlled removal of surfactant from the
especially the superconductivity and charge carrying abili- mesolamellar precursor (WO-L) at high temperature. With
ties5s diameters ranging from 10 to 50 nm and lengths up to several
Over the past few years, much effort has been devoted to (6) (@) Hu, 3. Odom, T. W.: Lieber, C. Micc. Chem. Re<.999 32,
the synthesis of semiconductor nanowires, nanorods, and "~ 435, (b) Huang, M. H.; Mao, S.; Feick, H.; Yan, H. Q.; Wu, Y. Y.;
nanobelts, because of the importance of understanding the  Kind, H.; Weber, E.; Russo, R.; Yang, P. Science200], 292, 1897.
dimensionality confined transport phenomena and fabricating (choguf&é &q Huang, Y. Cui, ¥.; Wang, J.; Lieber, C. Mature

nanodevices and nanosensbiany synthetic methodolo- (7) (a) Morales, A. M.; Lieber, C. MSciencel99§ 279, 208. (b) Duan,
X.; Lieber, C. M.J. Am. Chem. So@00Q 122, 188.
*To whom correspondence should be addressed. E-mail: ydli@ (8) (a) Peng, X. G.; Manna, L.; Yang, W. D.; Wickham, J.; Scher, E.;

tsinghua.edu.cn. Phone:+86)-10-62772350. Fax: +86)-10-62788765. Kadavanich, A.; Alivisatos, A. PNature 200Q 404, 59. (b) Manna,
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2002 12, 1107. (b) Zhu, Y. Q.; Hu, W.; Hsu, W. K.; Terrones, M.; (c) Peng, Z. A.; Peng, X. Gl. Am. Chem. So002 124, 3343. (d)
Grobert, N.; Hare, J. P.; Kroto, H. W.; Walton, D. R. M.; Terrones, Gates, B.; Yin, Y. D.; Xia, Y.J. Am. Chem. So200Q 122 12582.

H. Chem. Phys. Lett1999 309 327. (e) Wang, X.; Li, Y.J. Am. Chem. So@002 124, 2880.
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Am. Chem. So2001, 123 10639. (b) Cheng, W.; Baudrin, E.; Dunn, A.; Natan, M. J.; Mallouk, T. EAdv. Mater. 1999 11, 1021. (b)
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(3) (a) Sella, C.; Maaza, M.; Nemraoui, O.; Lafait, J.; Renard, N.; Sampeur, Adv. Mater. 200Q 12, 1526.
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micrometers, as-synthesized nanowires have a high aspect
ratio of more than 50. This strategy may offer an opportunity {001 a
for the further investigation of some fundamental properties .
of 1D tungsten oxides and may also serve as a general

method for the synthesis of 1D nanostructures. -

Experimental Section

I. Materials. All chemicals used in this work, such as sodium
tungstate (NaWQO,), cetyltrimethylammonium bromide (CTAB),
and hydrochloric acid (HCI), were analytical grade reagents.

Il. Synthesis of Tungsten Oxide Nanowires.Mesolamellar 002
tungsten oxide (referred to as WO-L) with intercalated cetyltri- 1
methylammonium (CTA) cations was prepared through the co- A
condensation reaction of sodium tungstate J{M@,) and cetyl- T
trimethylammonium bromide (CTAB) under mild hydrothermal 2
conditions!®The surfactants were removed with high temperature 20 (degree)
treatment in a conventional tube furnace. The as-prepared WO-L
precursor was loaded in a quartz boat and put in the hot zone of
the quartz tube. After calcination at 72Q for 2 h with a pressure ] b
range from 10! to 102 atm, the system was cooled to room 1
temperature, and tungsten oxide nanowires were finally obtained. E
During the whole process, Ar (99.9%) was used as the protecting
medium, and the flow rate was kept at about 60 mL/min. By
controlling argon flow rate and temperature rising speed, the final
products could be tungsten or tungsten oxides. Generally, high argon
flow rate and low temperature rising speed are favorable for the
formation of tungsten oxide nanowires.

Ill. Characterization. Powder X-ray diffraction (XRD) was
performed on a Bruker D8-advance X-ray diffractometer with Cu
Ko radiation ¢ = 1.54178 A). The 8 range used in the
measurement of tungsten oxides was fromi D70 in steps of
0.02 with a count time of 1 s. The low-angle XRD pattern of the ——
lamellar precursor was recorded i 2anges from 1.5to 10°. 10 20 30 40 50 60 70
The size and morphology of tungsten oxide nanowires were 26 (degree)
determined by using a Hitachi model H-800 transmission electron gigyre 1. (a) Low-angle XRD pattern of the mesolamellar precursor
microscope, with a tungsten filament at an accelerating voltage of (WO-L), which was prepared under mild hydrothermal conditions. (b)
200 kV. Structure and composition of the nanowires were measured Typical XRD pattern of the final tungsten oxides.
by high-resolution transmission electron microscopy (HRTEM,

JEOL-2010F) and electron-induced X-ray fluorescence (EDX).  The morphologies of the final products were demonstrated
Raman spectra were obtained by using an RM 2000 microscopein Figure 2a-c. On the basis of the TEM check, the

confocal Raman spectrometer (Renishaw PLC., England) employing proportion of the nanowire morphology was estimated to be
a 632.8 nm laser beam and a CCD detector with 4’arsolution. about 95%. As shown in the TEM images, the average
diameter of these uniform nanowires was about 17 nm
(Figure 2c) and the length of the nanowires was up to several

The low-angle XRD pattern of the precursor (WO-L) is Microns (Figure 2a). Therefore, the nanowires reached a high
shown in Figure 1a, and the lamellar nature of WO-L was @spect ratio of more than 50. An HRTEM image was taken

confirmed. The XRD pattern showed one weak peak and On @ single nanowire with diameter of about 30 nm (Figure
one very intense diffraction peak, which have been safely Zd), which provided further |n5lght into the structure of the
attributed to a typical lamellar structure. Figure 1b shows tungsten oxide nanowires. The spacing of the lattice fringes
the XRD pattern of as-synthesized tungsten oxide nanowireswas found to be about 0.378 and 0.373 nm, respectively,
It has been undisputedly indexed to monoclinic;g®4g shown in the inset of Figure 2d. These two planes could be
(JCPDS card no. 36-101), despite the broadened peaks. indexed best a§01G and{103 of a monoclinic WgOa9
crystal, respectively, according to JCPDS card no. 36-101,
(13) (a) Alfredssoon, V.: Keung, M.; Monnier, A.; Stucky, G. D.; Unger, in agreement with reported result¥ The nanowires grew

K. K.; Schuth, FJ. Chem. Soc., Chem. Commii§94 921. (b) Yang, along the [010] direction, which was reasonable because the

P. D.; Zhao, D. Y.; Margolese, D. |.; Chmelka, B. F.; Stucky, G. D. ..

Nature 1998 396, 152. (c) Yang, P. D.; Zhao, D. Y.; Margolese, D.  close-packed planes of monoclinic ;M4 crystal were

I; Chmelka, B. F.; Stucky, G. DChem. Mater1999 11, 2813. {01G. The selected area electron diffraction (SAED) pattern
(14) (a) Li, Y. D.; Li, X. L.; He, R. R.; Zhu, J.; Deng, Z. Xl. Am. Chem.

Soc.2002 124, 1411. (b) Li, Y. D.; Li, X. L.; Deng, Z.-X.; Zhou, B.

C.; Fan, S. S.; Wang, J. W.; Sun, X. Mngew. Chem., Int. E@002 (15) Frey, G. L.; Rothschild, A.; Sloan, J.; Rosentsveig, R.; Popovitz-Biro,

41, 333. R.; Tenne, RJ. Solid State Chen2001, 162, 300.
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Figure 2. TEM images of as-synthesized tungsten oxide nanowires: (a, i
b) low magnification images, (c) high magnification image, and (d) HRTEM
image of an individual tungsten oxide nanowire. Insets show the SAED i
pattern and the enlarged HRTEM pattern.
shown in the inset of Figure 2d indicated the existence of EE————S
shear defects, which was coincident with the HRTEM results. 200 300 400 500 600 700 80 900 1000
The electron-induced X-ray fluorescence (EDX) analysis Raman shift (cm™)

Wa}s employgd to determine t'he gompOSition of the tungsten Figure 3. (a) EDX analysis of a representative tungsten oxide nanowire
oxide nanowires. As shown in Figure 3a, only oxygen and with the diameter of about 30 nm. (b) Raman spectrum of the as-synthesized

tungsten elements existed in the nanowires with the molar Products.

ratio of about 2.73 (O/W) (the signals of copper and carbon |amellar precursor, almost no tungsten oxide nanowires were
came from the TEM grid). found in the final products. The mechanism was somewhat
The Raman spectrum of the as-synthesized products issimilar to the mechanism proposed by us in the formation
shown in Figure 3b. According to the reported literattt®,  of WS, nanotubes and W nanowir&sOn the basis of the
the strong and well-defined bands at 806, 708, 417, 348, similar principle that a piece of foliage or a piece of wet
269 cn1* could be assigned to monoclinic tungsten oxide. paper curls during its drying process, a layered compound
The bands at 268 cm correspond to ©W—0 bending might shrink, fold, or roll from the edges of the layers and
modes of the bridging oxygen, and the bands at 708 andform scrolls under appropriate conditions. If the interaction
806 cn1* are ascribed to the corresponding stretching modes.between neighboring layers could be reduced at the edges
On the basis of the TEM check, there were no nanopar- of the layer, while keeping the interactions of in-layer atoms
ticles found at the ends of tungsten oxide nanowires. The or molecules, tubular structures might form through the
vapor-liquid—solid (VLS) growth mechanisth cannot be  rolling of these lamellar structures. Thus, formed cylinders
applied for our tungsten oxide nanowires growth, because amight serve as microreactors, which direct and confine the
metal particle is necessary at the growth front of the nanowire growth of the nanowires or nanotubes. In some cases, the
to act as the catalytic active site. On the basis of the growth tubular structure maintained and transformed to 1D nanotubes
mechanism of other rodlike materials and our experiment when the surfactants were removed, as we have found in
results* 1417 we found that the artificial mesolamellar the synthesis of WSnanotubes However, in other cases,
nanostructure played an important role in the formation of the layered structure or the scrolls would collapse or
the tungsten oxide nanowires. In control experiments using condense into one-dimensional solid wires or rods during
mechanically mixed tungstate and surfactants instead of thethe removal of the surfactant. Under such circumstances, with
g o elevated temperature the surfactant was removed and tung-
&% %"’(‘j%”?v’l ;Fiiwso"sr-ﬁ, ﬁf;vc\)/h?ﬁ I'\/IZc%isdaIT?vtlt.:;LgK(isji?ni{, %?(')rg. chem.  Sten oxide nanowires were obtained under appropriate
1997, 36, 5565. conditions. Recently, similar processes for the formation of
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aluminum-based nanorods have been reported by Yada et Acknowledgment. This work was supported by NSFC
al..'” which further strengthened the possibility of the rolling (20025102, 50028201, 20151001), the Foundation for the
process of a lamellar structure. Author of National Excellent Doctoral Dissertation of P. R.

Conclusions.In summary, tungsten oxide nanowires with China, and the state key project of fundamental research for
relatively uniform diameters ranging from 10 to 50 nm and nanomaterials and nanostructures.
lengths up o severgl r.mcr.ometers were §y_ntheS|zed On alarge Supporting Information Available: More TEM images con-
scale. With the distinctive and promising properties of . . . , )

firming that the tungsten oxide nanowires obtained were on a large

tungs'ten oxide, Fhe gs-synthes.lzeq nanOWIres'may SEIVe a3:ale. This material is available free of charge via the Internet at
functional mate_rlals in the fabrlcatlo_n of nanosized SeNSOrs hitn:/ipubs.acs.org.
and flat panel display systems. Additionally, tungsten oxide
nanowires could be facilely converted to W nanowires , WS
nanotupes., .Or highly FOn.dUCtlve bronzes, which ma.y L (18) (a) Margulis, L.; Salitra, G.; Tenne, R.; Talianker, Mature 1993
more significant applications, such as STM t.’rﬁsl.t IS 365, 113. (b) Rothschild, A.; Sloan, J.; Tenne, RAm. Chem. Soc.
foreseeable that the novel growth strategy will probably %?]OQ }_Z%t 53963-7 (50)4§géh5(3;1lll_d, QL CoLhe\?, g.g.; Tenr_le,ﬂlF“*s'xpl-t

: yS. Le 3 . I, X. L.; LI, Y. D. Conversion rRoute
become a general method for the SyntheSIS of 1D nanostruc- to the Synthesis of One-Dimensional Yhd W Nanostructures From
tures. WOs3-x Nanowires. Unpublished results.
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