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A Simple Hydrothermal Method for the Large-Scale Synthesis of Single-
Crystal Potassium Tungsten Bronze Nanowires
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Abstract: The large-scale synthesis of
single-crystal K,WO; tungsten bronze
nanowires has been successfully realiz-
ed by a hydrothermal method under
mild conditions. Uniform K;3;;WO;
nanowires with diameters of 5-25 nm
and lengths of up to several microme-
ters are obtained. It is found that the
morphology and crystallographic forms

pendent on the sulfate and citric acid,
which may act as structure-directing
and soft-reducing agent, respectively.
Some other influential factors on the
growth of tungsten bronze nanowires,
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such as temperature and reaction time,
are also discussed. It is worth noting
that other alkali metal tungsten bronz-
es such as (NH,),WO;, Rb,WO;, and
Cs,WO; could also be selectively syn-
thesized by a similar route. Thus, this
novel and efficient method could pro-
vide a potential mild route to selective-
ly synthesize various tungsten bronze

of the final products are strongly de-

Introduction

There has been recent heightened interest in one-dimension-
al nanoscale building blocks, such as nanotubes, nanowires,
and nanorods because of their distinctive geometries, novel
physical and chemical properties, and potential applications
in nanodevices."” A number of methods have been devel-
oped for the preparation of 1D nanostructures, such as ap-
plying electrochemical techniques,” porous aluminum tem-
plates® as well as vapor-liquid-solid (VLS) growth¢ and
vapor-solid (VS) reactions.” Solution approaches have been
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on-dimensional nanomaterials.

shown to provide an alternative route for the synthesis of
1D nanostructures, with the advantages of mild synthetic
conditions, simple manipulation, and large-scale produc-
tion.®) The hydrothermal method, in particular, has been
successfully applied for the synthesis of various metal and
semiconductor nanorods/nanowires/nanotubes.” %

Tungsten bronzes have attracted much attention in the
past few decades due to their wide variety of crystal struc-
tures and interesting electro-optic, photochromic, and super-
conducting properties.”®! Consequently, they have been ap-
plied in electronic devices, humidity and gas sensors, and
secondary batteries." In particular, the hexagonal alkali
tungsten bronzes A,WO; (HTBs, A=K, Rb, Cs, and NH,;
0<x<1/3) have been the subject of numerous studies.'1°!
The traditional methods for the preparation of the hexago-
nal tungsten bronze structure require high temperatures and
harsh reaction conditions, such as heating mixtures of WO,
with K, Rb, or Cs in reducing atmospheres at 1000°C.['”! Re-
cently, more attention has been paid to the low-temperature
solution-based methods."® Whittingham et al. reported the
hydrothermal synthesis of various novel tungstates with py-
rochlore and hexagonal tungsten bronze structures that are
not attainable by traditional high-temperature solid-state re-
actions."”! Theses tungstates were completely oxidized com-
pounds and tended to have the general formula A, WO, 5.
Mathiram et al. reported a new sol-gel route to prepare
sodium tungsten bronze by reduction of sodium tungsten
with NaBH, in aqueous solution, followed by crystallization
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at 700°C.*" However, most of the synthetic routes only led
to bulk materials, and the synthesis of HTBs with a 1D
nanostructure is still a challenge to material scientists. Since
the 1D nanostructured HTBs may be anticipated to have
unique properties, the synthesis of one-dimensional HTB
nanostructures is of special interest and of great importance.
To the best of our knowledge, a large-scale synthesis of
K,WO; nanowires has not been achieved up till now. Fur-
thermore, there is no report on a simple solution method for
the selective preparation of various HTB nanorods/nano-
wires. Recently we have obtained 1D nanostructures for the
hexagonal phase of WO; by hydrothermal treatment of the
WO, (sol) in the presence of Li,SO,.*IThus, it was anticipat-
ed that the various reduced 1D tungsten bronzes could be
obtained by adding an appropriate mild reducing agent and
various sulfates under similar hydrothermal conditions.

Herein, we report a convenient and controllable approach
for the synthesis of K,WO; single-crystal nanowires by
adding citric acid and K,SO,. Our experiments have re-
vealed that citric acid can act as both the acidification and
reducing agent and its use has enabled us to prepare the
pure phase of hexagonal K,WO; nanowires on a large scale.
This synthetic process is simple, mild, clean, low-cost, and
template-free. Thus, this approach was deemed worthy of
extending further for the convenient and large-scale synthe-
sis of a family of molybdenum bronze or vanadium bronze
1D naonomaterials.

Results and Discussion

Characterization of the structure and morphology of K, WO;
nanowires: Hydrothermal treatment of the WO; (sol) pre-
cursor in the presence of citric acid and K,SO, at 180°C for
24 h led to the formation of single-crystal K, WO; nanowires.
Figure 1a shows a typical X-ray diffraction (XRD) pattern
for the as-synthesized crystalline K,WO; nanowires. All the
reflections can be indexed to the hexagonal potassium tung-
sten bronze K;;;WO; (JCPDS file No. 49-0541) and no im-
purities were identified in the XRD pattern. According to
the reflections of the ground powder, the lattice constants
are calculated to be 7.378 A and 7.580 A, which are similar
with those reported in the literature [JCPDS file No. 49-
0541]. In the XRD pattern of the nanowires, the intensity of
the (002) reflection increases distinctly and that of the (100)
reflection decreases visibly, suggesting the preferential
growth of K,.WO; nanowires along the [001] direction. This
supposition can be confirmed by from the HRTEM image.
Like all tungsten bronzes, the hexagonal structure comprises
a rigid tungsten-oxygen framework built up of layers con-
taining corner-sharing WOy octahedron that are arranged in
six-membered rings. The layers are stacked along [001] axis,
leading to one-dimensional hexagonal channels, which are
occupied randomly by potassium ions (Figure 1b).?

The chemical nature (i.e. oxidation state) of the tungsten
and the potassium/tungsten ratio in the samples were deter-
mined by X-ray photoelectron spectroscopy (XPS). Figure 2
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Figure 1. a) XRD pattern of the as-synthesized products. b) Arrangement
of [WOq] octahedral in the structure of hexagonal K,;;WO;. Cross-sec-
tion in the ab plane perpendicular to the ¢ axis. Potassium ions occupy
these hexagonal channels randomly.
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Figure 2. W4f core-level XPS spectrum of the K33 WOj; nanowires.

shows the typical X-ray photoelectron spectrum of the tung-
sten core level (W4f) in the as-synthesized products. The
curve can be fitted to two spin-orbit doublets, W,, and
W, for the distance of 2.1 eV. The peaks at 34.3, 36.4 eV
and 35.3, 37.4 eV can be attributed to W3+ and W®*, respec-
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tively, which are in good agreement with the reported values
(BE of 34.5 and 36.5eV for W>* and 35.8 and 37.9 eV for
W**) in photochromic tungsten oxide thin films following
exposure to UV light.” From the integrated areas of the
potassium and tungsten (W4f) core level, we estimate that
the ratio of K*/WO; in the product was about 0.3340.03,
which is in good agreement with XRD results.

Figure 3 presents typical scanning electron microscopy
(SEM) images of the as-synthesized K;3;WO; nanowires.

Figure 3. Representative  SEM images of the K;;WO; nanowires.
a) Overall morphology of the products. b) High-magnification SEM
image of the nanowires.

The products exhibit exclusively 1D wirelike nanostructure
with diameters typically in the range of 5-25 nm and lengths
ranging from several hundred nanometers to several micro-
meters. Typical transmission electron microscopy (TEM)
images of the K3 WO; nanowires (Figure 4) illustrate that
these nanowires have a uniform diameter along their entire
length. More details about the morphological and structural
features were obtained from HRTEM measurements. The
spacing of the lattice fringes are found to be about 0.639
and 0.379 A, respectively (Figure 4b). These two planes can
be well indexed as (100) and (001) planes of a hexagonal
K33 WO; crystal, respectively, confirming that the nanowires
are single crystals grown along the ¢ axis. The energy-disper-
sive spectra (EDS) of the nanowires show that only K, W,
and O are contained in the nanowires (Figure 4c).

Influential factors and formation mechanism of the hexago-
nal potassium tungsten bronze 1D nanostructure: To investi-
gate the growth process of the K;3;WO; nanowires, we con-
ducted experiments at 180°C and varied the reaction times.
An examination of the intermediate products showed that

Chem. Eur. J. 2006, 12, 77177723

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Counts

T T ) T ¥ T ) T , T T T
0.0 0.2 0.4 0.6 0.8 1.0 12
Energy / keV

Figure 4. a) TEM image of the tungsten bronze nanowires. b) HRTEM
image of a single K33 WO; nanowire with growth direction [001]. ¢c) EDS
data for the nanowires in which the Cu and C peaks were generated
from the supporting carbon-coated copper meshes.

there were a large number of irregular particles after reac-
tion for 1h (Figure Sa). The intermediates collected after
2 h were even larger particles, but their surfaces were com-
pletely covered by small nanorods (Figure 5b). Over the
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Figure 5. SEM images of intermediate products. After a) 1 h, b) 2 h, and
c)24 h.

course of the reaction, the irregular particles gradually van-
ished and longer nanorods appeared, suggesting that the
longer nanorods grow at the cost of the irregular particles.
After a reaction time of 24 h, single-crystalline hexagonal
tungsten bronze nanowires with diameters of between 5 and
25 nm and lengths of between 0.5 and 2 um were observed
(Figure 5¢). Although the length of the nanowires can be in-
creased with prolonged reaction time, the diameter of the
nanowires was shown to be only slightly dependent on the
reaction time. In addition, the color of the products changes
from yellow, through green to dark blue as the reaction pro-
ceeds, which suggests that reduction occurs with increasing
reaction time. The reaction temperature also has a signifi-
cant influence on the formation of nanowires. When the
temperature was lower than 120°C, no products were gener-
ated even when the reaction time was extended to 24 h. The
optimum temperature for the rapid production of highly
crystalline nanowires is as high as 180°C.

It is apparent that the sulfate plays an important role in
determining the crystal structure and morphology of the
products. When the experiment was conducted in the ab-
sence of K,SO,, only irregular nanoparticles were obtained
from the hydrothermal treatment at 180°C for 24 h. When
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0.3 gK,SO, were used, a large number of short rods grew on
the surface of the irregular particles. Results from the XRD
characterizations show that the products were composed of
the mixture of hexagonal WO; and K;;;WO;. (JCPDS card
33-1387 and JCPDS card 49-0541). This indicates that the in-
cipient particles were not completely transformed into
K33 WO; nanowires due to insufficient K,SO,. A pure hex-
agonal phase containing only K,3;;WO; nanowires was ob-
tained by adding about 0.5 gK,SO, (Figure 6). Two-dimen-

Figure 6. SEM images for our products prepared by adding 0.3 g (a) and
0.5 g K,SO, (b). c) SEM image of the self-assembly of the nanowires on a
silicon wafer after evaporation of the solvent.

sional assembly of these nanowires occurs spontaneously on
a silicon wafer after evaporation of the solvent; these nano-
crystals display a regular shape, high aspect ratio, and
narrow size distribution (Figure 6¢). To investigate the influ-
ence of different anions on the formation of HTB nano-
wires, other inorganic salts such as KCl, KBr, KNO;, and
KHCO; were also tested in this work. Our results show that
these anions only led to the formation of irregular particles.

Based on the above experimental results, a possible for-
mation mechanism of the K;3;WO; nanowires is proposed
as follows:

Chem. Eur. J. 2006, 12, 77177723
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1. In the synthetic process, SO,> may act as a capping
agent preferentially adsorbed on the faces parallel to the
c axis of the K33 WO; nanocrystal, leading to preferential
growth along the c axis.?+2¢

2. An appropriate mild reducing agent can be regarded as
the key factor in the synthesis of K,;;WO; nanowires.
Our experiments have revealed that citric acid can func-
tion both as the acidification and reducing agent and has
enabled us to prepare the K;33WO; nanowire on a large
scale. Other reducing agents, such as NaBH,, tartaric
acid, and ascorbic acid were also used in this work but
only irregular particles were obtained.

3. The studies of the intermediates reveal that there are
two growing stages during the formation of the nano-
wires. At the beginning of the reaction, and with suffi-
cient energy provided by the hydrothermal system, the
nanoclusters are formed quickly and spontaneously ag-
gregate to large particles to minimize their surface area.
As the reaction proceeds, the concentration of the nano-
clusters decreases sharply due to the formation of large
particles. As a result, the crystal growth stage is a kineti-
cally controlled process. Subsequent crystal growth is ini-
tiated preferentially from the active clusters on the surfa-
ces of the particles, owing to the high concentration of
SO,* surrounding them. In the presence of sulfate, these
clusters serve as seeds of the subsequent growth along
the ¢ axis of the K,WOj; unit cell, resulting in the forma-
tion of the nanorods. As the reaction proceeds the parti-
cles gradually vanish and longer nanowires appear, sug-
gesting that the longer nanowires grow at the cost of the
particles (Figure 7). This process was similar to the for-
mation of Pt nanowires.”” Other cases have also been
encountered in the synthesis of MnO, and ZnO nanorod-

based microspheres.**?’

e@ /-

Figure 7. Proposed scheme for the formation of the nanowires. a) Forma-
tion of the particles. b) Growth stage of the nanowire. c) Formation of
the K33 WOj; nanowires with high aspect ratio.

UV/Vis absorption spectra and BET surface area: Figure 8
presents the UV/Vis reflectance diffuse spectrum of
K, 3 WO; nanowires. These nanowires are blue in color. The
reflectance measurements on the products show that the
band gap absorption at the onset of the nanowires is around
450 nm, corresponding to the band gaps of WO; (2.8 eV). A
broad absorption in the visible region can also be observed
in the spectrum, which is attributed to the d—d transition of
W3* in WO, Analogous to the tungsten bronze of the
H,WO; type, the reduction leads to the insertion of elec-
trons into the LUMO band of the overlapping d orbital,
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Figure 8. Diffuse reflectance UV/Vis spectra of the K33 WO; nanowires.

thus allowing d-d transitions to be observed in the visible
region of the spectrum.” The N, Brunauer—-Emmett-Teller
(BET) surface area of the tungsten bronze nanowires is
measured to be 59.0 m*g”!, confirming the small size and
high surface area of the products.

Synthesis of other alkali metal tungsten bronze 1D nano-
materials: Similarly, perfect single crystals of (NH,), WO,
nanorods could be selectively synthesized when (NH,),SO,
was used instead of K,SO,. The as-obtained products were
characterized by X-ray powder diffraction (Figure 9a). The
sample was readily indexed as hexagonal (NH,),;;WO;: a=
7.388, ¢=7.502 A, which is in good agreement with litera-
ture values (JCPDS Card No. 42-0452). Figure 9b shows the
high-resolution XPS spectrum of our products in the W4f
region. The peaks at 35.0 eV and 37.1 eV are ascribed to the
W4f,, and W4fs, of W, The binding energies at 34.1 eV
and 36.2 eV correspond to the W4f;, and W4f;, of W+,
The ratio of NH,*/WO, in the bronzes is about 0.33 as de-
termined from the integrated areas of the N1s and W4f
peaks. Figure 9¢ and 9d show typical SEM and TEM images
of the as-synthesized (NH,),;WO; nanostructures. The prod-
ucts comprise pure wirelike nanostructures with diameters
of 5-30 nm and lengths up to several hundred nanometers
(Figure 9¢). The TEM image (Figure 9d) suggests that the
1D nanostructure has a uniform diameter along its entire
length.

Additional studies have shown that other alkali metal
tungsten bronzes such as Rb,WO; and Cs,WO; can also be
selectively synthesized by applying a similar method (see
Supporting Information). Thus, the present approach could
be a general approach for the synthesis of other tungsten
bronze 1D nanostructures, such as rare-earth metal, alkali-
earth metal, and transition-metal tungsten bronzes. In it an-
ticipated that these low-dimensional materials will find im-
portant applications in various fields. Further detailed stud-
ies on these new kinds of 1D nanobuilding blocks are in
progress.
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Figure 9. a) XRD pattern for the prepared (NH,),3;WO; nanowires. b) W4f core-level XPS spectrum of the (NH,),3;WO; nanowires. SEM (c) and TEM
images (d) of (NH,),3WO; nanowires obtained after hydrothermal treatment at 180°C for 24 h.

Conclusion

In conclusion, we have developed a simple hydrothermal re-
duction method to synthesize uniform hexagonal tungsten
bronze (HTB) K,;;WOj; single-crystal nanowires on a large
scale. The formation mechanism of the nanowires has been
investigated. The citric acid and sulfate clearly contribute to
the creation of the HTB 1D nanomaterials. This new strat-
egy has beed applied to prepare other tungsten bronze 1D
nanomaterials. A wider ranging application of this method is
under investigation, since it is a simple, mild solution
method with promising advantages over the traditional high-
temperature approach for the rational design and large-scale
production of one-dimensional tungsten bronzes. These low-
dimensional tungsten bronze nanocrystals may open new
opportunities for further investigation of the novel optical,
electric, and catalytic properties of these materials.

Experimental Section

Materials: All the chemicals were of analytical grade and used without
further purification. Potassium sulfate (K,SO,), ammonium sulfate
((NH,),SO,), citric acid monohydrate (C,H;O,-H,O), potassium tungstate
(K,WO,) were purchased from the Beijing Chemical Reagent Company.

7722 ——

www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Synthesis: In a typical experiment, the WO; sol was prepared in advance
as follows: potassium tungstate powder (8.15 g, 0.025 mol) was dissolved
in distilled water (250 mL). Then K,WO, solution was acidified to a pH
of 1-1.2 using HCl (3 molL") solution. The white precipitate was fil-
tered, washed sequentially with water and ethanol to remove contami-
nant ions. Then, this precipitate was dispersed with citric acid
(0.1 molL™") solution to obtain a translucent, homogeneous and stable
WO; sol. The WO; sol (15mL) was transferred to a 20-mL autoclave,
then a certain amount of K,SO, was added, the autoclave was then
sealed and maintained at 120-180°C for 2-72 h. The dark blue products
were filtered off, washed several times with distilled water and absolute
ethanol, and finally dried in a vacuum at room temperature. Following
the above procedures, pure hexagonal phase K33 WO; nanowires were
obtained on a large scale. To study the formation process of the HTB
nanowires, the experimental parameters were varied during the synthesis.
The best yield obtained in our experiments was about 30%. Other tung-
sten bronze nanowires such as (NH,),3;3WO; Rb,WO;, and Cs,WO,
could be selectively synthesized by adding appropriate sulfates.

Characterization: XRD analysis was performed using a Japan Rigaku D/
max-2500 diffractometer with Cug, radiation (1=1.5418 A). The sizes
and shapes of the nanowires were observed on a field-emission scanning
electron microscope (SEM, Hitachi, S-4300) and a high-resolution trans-
mission electron microscope (HRTEM, JOEL JEM-2010 operated at
200 kV). XPS measurements were carried out with an ESCALab220i-XL
spectrometer by using a twin-anode Alg, (1486.6 eV) X-ray source. All
the spectra were calibrated to the binding energy of the adventitious Cls
peak at 284.6 eV. The base pressure was about 3x 10~ Pa. For diffuse re-
flectance UV/Vis measurements, a Lambda 35 UV/Vis spectrometer
(Perkin Elmer) was used in the diffuse reflectance mode. The spectral
range measured was between 200 and 800 nm with a scan speed of
60 nmmin~' and a spectral resolution of 2 nm. Nitrogen adsorption of the

Chem. Eur. J. 2006, 12, 77177723
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h-K;33WO; nanowires was measured at 77 K with an ASAP 2010 micro-
metritics degassed at 300°C for several hours under vacuum.
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