Inorg. Chem. 2009, 48, 1168—1172

Inorganic: Chemistry

* Article

Synthesis of Urchin-like VO, Nanostructures Composed of Radially

Aligned Nanobelts and Their Disassembly

Guicun Li,* Kun Chao, Chuanqin Zhang, Qingshan Zhang, Hongrui Peng, and Kezheng Chen

Key Laboratory of Nanostructured Materials, College of Materials Science and Engineering,
Qingdao University of Science and Technology, Qingdao 266042, People’s Republic of China

Received August 26, 2008

Urchin-like VO,(B) nanostructures composed of radially aligned nanobelts have been synthesized by the homogeneous
reduction reaction between peroxovanadic acid and oxalic acid under hydrothermal conditions. The influences of
synthetic parameters, such as reaction times and the concentration of oxalic acid, on the morphologies and crystals
of the resulting products have been investigated. The formation of VO,(B) nanostructures undergoes a reduction-
dehydration phase-transition and disassembly process. As the reaction time increases from 2 to 6 h, the diameters
of urchin-like V19Oa4 - 12H,0 nanostructures increase from 1—2 um to 3—6 um. After 12 h, urchin-like V1oOy4 - 12H,0
nanostructures can be transformed in situ into VO,(B) nanostructures composed of radially aligned nanobelts,
which can be described by a possible reduction—dehydration phase-transition process. The urchin-like VO,(B)
nanostructures are disassembled into dissociated VO,(B) nanobelts with the reaction time increased to 24 h. The
shapes of the dissociated VO,(B) nanobelts can be controlled by adjusting the concentration of oxalic acid.

Introduction

Bulk vanadium dioxide (VO,) with a complex phase
behavior dictated by strong electron—lattice correlations can
undergo a Mott metal—insulator transition as well as a
structural phase transition at around 67 °C, which is
accompanied by abrupt changes in the optical and electrical
properties of the oxide.' ~* Recently, Qzailbash et al.* have
reported a strongly correlated conducting state exists within
the insulator-to-metal transition region in VO, in the form
of nanoscale metallic puddles, and the electromagnetic
response of these metallic puddles separated by the insulating
host displays the signatures of collective effects in the
electronic system including divergent optical effective mass
and optical pseudogap.

In recent years, there has been intensive interest in low-
dimensional (LD) VO, nanostructures including OD, 1D, and
2D nanostructures because of their novel physical and
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chemical properties differing from their bulk counter-
parts.” ' For example, Lopez et al.”® have observed that
the optical contrast between the semiconducting and metallic
phases of VO, nanoparticles is dramatically enhanced in the
visible region, exhibiting size-dependent multipole optical
resonance and transition temperatures. A variety of synthetic
strategies such as vapor transport method,"' ™' sol—gel,'*'°
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chemical vapor deposition,'”'® pulsed laser ablation,"

magnetron sputtering,'*?° template-assisted synthesis,?' ther-
molysis,?® and solution-based synthesis,>> >° have been
developed to fabricate LD VO, nanostructures owing to their
potential applications in lithium batteries,'®**~® intelligent
window coatings,'”'®2° Mott field-effect transistors,'' and
electrical-optical switching devices.'®'> Among them, the
solution-based method seems to be promising for the large-
scale synthesis of VO, nanostructures because some rigid
experimental conditions such as high temperature, and special
equipments, are not necessary. In the solution-based syn-
thesis, the formation of 1D VO, nanostructures including
nanorods, nanowires, and nanobelts, is usually dependent on
the types of reductants, such as formic acid,?® oxalic acid,?*
ethylene glycol,® borohydride,?® butanol,* and surfactants?’
because of the high redox-activity of vanadium oxide and
their derivatives.>*~3? The dissolution of V,0s in the H,O,
aqueous solution will result in peroxovanadic acid, which is
an environmentally friendly precursor for V,0s or V,0s
nanostructures.’>* The reduction of peroxovanadic acid
inspires us to find a new route to VO, nanostructures. Herein,
we report a facile approach for the synthesis of urchin-like
VO,(B) nanostructures composed of radially aligned nano-
belts by a homogeneous reduction reaction between peroxo-
vanadic acid and oxalic acid. A phase-transition process from
monoclinic V;¢Oy4* 12H,0 to monoclinic VO,(B) is observed
for the first time during the reduction—dehydration process.

Experimental Section

Synthesis of VO,(B) Nanostructures. Commercial orthorhombic
V,05 powders (0.36 g) were dissolved into 2 mL of 30% H,O,
solution, followed by the addition of 40 mL of distilled water with
stirring to form an orange solution. Then, 40 mL of 0.1 mol/L oxalic
acid (4 mmol) solution was added to the above solution. The mixed
orange solution was placed in a 100 mL autoclave with a Teflon
liner. The autoclave was maintained at 180 °C for different reaction
times and then air cooled to room temperature. The resulting
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Figure 1. SEM and TEM images of urchin-like VO,(B) nanostructures
composed of radially aligned nanobelts synthesized with 0.05 mol/L oxalic
acid at 180 °C for 12 h. (A) Low-magnification SEM image, (B) high-
magnification SEM image, and (C) TEM image. The inset in part C shows
a typical ED pattern taken from an individual nanobelt.

precipitates were collected and washed with distilled water several
times and then dried in vacuum at 60 °C for 10 h. In all reactions,
the content of commercial V,0s powders is kept unchanged. As
the reaction time increases from 0.5 to 12 h, the color of the
resulting products changes from green to dark blue.

Characterization. The morphologies and sizes of the resulting
products were characterized by field-emission scanning electron
microscopy (FE-SEM, JSM 6700F) and transmission electron
microscopy (TEM, JEM 2000EX). The crystal structures of the
resulting products were characterized by powder X-ray diffraction
(XRD, Rigaku D-max-yA XRD with Cu Ko radiation, y = 1.54178
A). UV—vis spectra of the resulting products were determined on
Cary 500 UV—vis—NIR spectrophotometer.

Results and Discussion

Figure 1 presents typical SEM and TEM images of VO,(B)
nanostructures synthesized with 0.05 mol/L oxalic acid at
180 °C for 12 h. As shown in low-magnification SEM image
(part A of Figure 1), one can observe that the resulting dark-
blue products are a large amount of spherical VO,(B)
nanostructures with diameters of 2—6 ym, which are highly
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Figure 2. XRD patterns of the resulting products synthesized with 0.05

mol/L oxalic acid at 180 °C for different reaction times: (A) 0.5 h, (B) 2 h,
and (C) 12 h.

reminiscent of urchin-like nanostructures. The urchin-like
VO,(B) nanostructures are composed of radially aligned
nanorods. In a high-magnification SEM image in part B of
Figure 1, it is clear that the geometrical shapes of VO,(B)
nanorods are belt with rectangular cross section. The
thickness and width of VO,(B) nanobelts are 20—30 nm and
50—150 nm, respectively. The ends of the nanobelts are
irregular. The urchin-like VO,(B) nanostructures can be
further confirmed by the TEM image in part C of Figure 1.
As shown in the inset in part C of Figure 1, the electron
diffraction (ED) pattern taken from an individual nanobelt
can be attributed to monoclinic VO,(B), indicating that the
nanobelts are structurally uniform and single crystalline with
the growth direction along [010].

To investigate the formation process of the urchin-like
VO,(B) nanostructures composed of radially aligned nano-
belts, time-dependent experiments are carried out at 180 °C
for different reaction times. Parts A—C of Figure 2 show
XRD patterns of the resulting products synthesized with 0.05
mol/L oxalic acid at 180 °C for 0.5, 2, and 12 h, respectively.
After 0.5 h, the color of the solution changes from orange
to green, indicating that V>* ions in peroxovanadic acid are
reduced partly to V** ions by oxalic acid. As shown in part
A of Figure 2, the diffraction peaks of the resulting products
can be indexed to monoclinic V¢O,4°12H,0 with lattice
contents ¢ = 11.7 A, b = 3.63 A, ¢ =29.06 A, and p =
101.5°, which is in agreement with literature values (JCPDS
251006). The water in the interlamellar region of
V10024° 12H,0 results in the large dyo4 spacing of 7.08 A.
After 2 h, monoclinic VyO,4°12H,0 can also be obtained.
In comparison with part A of Figure 2, the intensity of the
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diffraction peaks increases, indicating that the products have
higher crystallinity. After 12 h, the color of the solution
changes from green to dark blue. As shown in part B of
Figure 2, the diffraction peaks of the resulting products can
be ascribed to monoclinic crystalline phase VO,(B) with
lattice contents a = 12.1 A, b =3.70 A, c = 6.43 A, and
= 107.0° (JCPDS 812392), revealing that all of the V3* ions
in V40,4 12H,0 have been further reduced to V4" ions by
oxalic acid in the reaction.

Representative SEM images of the resulting products
synthesized with 0.05 mol/L oxalic acid at 180 °C for
different reaction times are presented in Figure 3. When the
reaction is performed for 0.5 h, as shown in part A of Figure
3, the products exhibit draped filmlike morphology. After
2 h, the low-magnification SEM image in part B of Figure
3 reveals that a large quantity of urchin-like V;0O4*12H,0
nanostructures with diameters of 2—3 ym are formed in the
products. In the high-magnification SEM image (part C of
Figure 3), it is found that the urchin-like V;¢O.4°12H,0
nanostructures are constituted by irregular nanobelts. The
thickness, width, and length of the nanobelts are about 10—20
nm, 50—150 nm, and 1—2 um, respectively. After 6 h, the
diameters of the urchin-like nanostructures in part D of
Figure 3 increase to 3—6 um. The high-magnification SEM
image in part E of Figure 3 shows that the urchin-like
nanostructures consist of a lot of radially aligned nanobelts
with thicknesses of 30—50 nm, and widths of 100—300 nm.
In combination with Figure 1, the formation of urchin-like
VO,(B) nanostructures is related to a reduction—dehydration
phase-transition process, which has never been observed in
the literature. The thickness of VO,(B) nanobelts is clearly
smaller than that of V(O 12H,0 nanobelts, indicating the
dehydration process for the formation of VO,(B). However,
after 24 h, on the basis of the vestiges in part F of Figure 3,
it is clear that the urchin-like VO,(B) nanostructures
synthesized for 12 h are disassembled in situ into dissociated
VO,(B) nanobelts. A typical high-magnification SEM image
of the dissociated VO,(B) nanobelts (the inset in part F of
Figure 3) shows that the thickness and width of VO,(B)
nanobelts are similar to those in Figure 1. The ends of
VO,(B) nanobelts are not very sharp.

UV —vis spectra of the resulting products synthesized with
0.05 mol/L oxalic acid at 180 °C for 0.5 and 2 h are shown
in parts A and B of Figure 4, respectively. The bands around
260 and 390 nm can be related to charge transfer between
oxygen and V>' ions.** Their intensity decreases as the
reaction time increases from 0.5 to 2 h. The weak band
centered around 760 nm corresponds to the d—d electronic
transition of V** ions,*** indicating that V°* ions in
peroxovanadic acid are reduced partly to V** ions by oxalic
acid.

The influences of the concentration of oxalic acid on the
shapes of VO,(B) nanostructures have been investigated.
Figure 5 represents typical SEM images of VO,(B) nano-
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E) 6 h, and (F) 24 h. The inset in part F of Figure 3 shows a typical high-magnification SEM image, and the scale bar is 100 nm.
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Figure 4. UV —vis spectra of the resulting products synthesized with 0.05
mol/L oxalic acid at 180 °C for different reaction times: (A) 0.5 h and (B)
2 h.

structures synthesized with different concentrations of oxalic
acid at 180 °C for 24 h. When the concentration of oxalic
acid decreases to 0.02 mol/L, VO»(B) nanobelts with two
sharp ends and lengths of up to several micrometers (part A

of Figure 5) are obtained. The width of VO,(B) nanobelts
decreases gradually from the middle part (60—150 nm) to
the ends to form needle-like tips. Whereas, as the concentra-
tion of oxalic acid increases to 0.08 mol/L, VO,(B) ag-
gregates composed of nanoparticles, nanobelts, and nanosheets
are formed in the products (part B of Figure 5), which is
very different from our previous results without the aid of
H,0,.2* The thickness and widths of the nanobelts are larger
than those in part F of Figure 3 and part A of Figure 5.

The solution-based synthesis is dependent on the reaction
between peroxovanadic acid and oxalic acid. The basic
reactions can be described as follows:

V,05+ 4H,0, = 2[VO(0,),] + 2H"+ 3H,0 (1)
10[VO(0,),] + 10H"+ C,H,0,+ 6H,0—

V40,4* 12H,0 + 2CO,+ 100, (2)

V005 * 12H,0 + 4C,H,0,— 10 VO,(B) + 8CO,~+ 16H,0

3)

The formation of VO,(B) nanostructures undergoes a
reduction—dehydration phase-transition and disassembly
process. Before the reduction reaction, V,0s dissolves in
H,0, aqueous solution to form an orange solution of diperoxo
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Figure 5. SEM images of the resulting products synthesized with different
concentration of oxalic acid at 180 °C for 24 h: (A) 0.02 mol/L and (B)
0.08 mol/L.

anions [VO(0,),]” (eq 1).***7 At the early stage of the
hydrothermal reaction, the solution of diperoxo anions can
be reduced partly by oxalic acid to form V(0,4 12H,0
clusters (eq 2), which is different from that synthesized with
other vanadium precursors.”>~>° Then the newly formed
V10024°12H,0 clusters can serve as the sites of heteroge-
neous nucleation for the formation of urchin-like
V100,4+12H,0 nanostructures composed of nanobelts due
to its layered crystal structures in nature. Then the newly
formed V0.4 12H,0 clusters can serve as the sites of
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heterogeneous nucleation for the formation of urchin-like
V10024*12H,0 nanostructures composed of nanobelts due
to its layered crystal structures in nature. With the reduction
reaction proceeding, V;9O4*12H,0 nanostructures are trans-
formed in situ into urchin-like VO,(B) nanostructures
composed of radially aligned nanobelts by a reduction—
dehydration process (eq 3). This formation of urchin-like
VO,(B) nanostructure can be ascribed to a topotactic
transformation process from urchin-like V0O 12H,0
nanostructures. As reported in literature, water molecules in
the interlamellar region of V,0s+nH,0 are removed gradually
with the reaction time increased,>?> whereas V' ions in
V10024 12H,0 can be reduced further to V#* ions by oxalic
acid. The in situ reduction—dehydration reaction between
V10024°12H,0 and oxalic acid results in the formation of
urchin-like VO,(B) nanostructure. As the reaction time is
prolonged, the urchin-like VO,(B) nanostructures can be
disassembled into discrete nanobelts possibly due to the
stress—strain of the phase-transition process in the center
part.

Conclusions

In summary, we have developed a facile homogeneous
reduction reaction between peroxovanadic acid and oxalic
acid to synthesize urchin-like VO,(B) nanostructures com-
posed of radially aligned nanobelts. The urchin-like VO,(B)
nanostructures are formed in situ by a phase transition from
monoclinic V(0,4 12H,0 to monoclinic VO,(B) during the
reduction—dehydration process, which are disassembled into
dissociated VO,(B) nanobelts with the reaction time in-
creased. The shapes of VO,(B) nanobelts can be controlled
by adjusting the concentration of oxalic acid.
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