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Low-valent vanadium oxide nanostructures have been synthesized in large quantities using commercial V,0s powder
as the precursor by a facile reduction method. The crystal structures and morphologies of vanadium oxide
nanostructures can be adjusted by altering the concentrations and types of reductants. VO,(B) nanostructures are
fabricated using oxalic acid as the reductant. VO,(B) nanobelts with widths of 80—150 nm, thicknesses of 20—30
nm, and lengths up to several micrometers can evolve to olive-like nanostructures composed of nanosheets with
thicknesses of several nanometers and lateral dimensions of several micrometers as the concentration of oxalic
acid increases. H,V30g nanobelts with widths of 200—-300 nm, thicknesses of 10—20 nm, and lengths up to several
10s of micrometers are obtained under the reduction of V,0s powder with ethanol. The belt-shaped morphologies

of H,V304 are not affected by the concentration of ethanal.

Introduction

Low-dimensional nanostructures including those of zero
dimension, one dimension, and two dimension have exhibited
specific physical and chemical properties due to their
dimensions of nanometer-size magnitude, which differs

greatly from that of their bulk counterpaftd.Vanadium

oxides are of interest due to their redox activity and layered
structures, which can be inserted by various intercalatio

In recent years, there has been increasing interest in low-
dimensional vanadium oxide nanostructures because of their
size-dependent propertiés!® and potential applications in
lithium batteriesi* 16 electric field-effect transistors;'8
chemical sensors or actuatéfs?! and nanodevice®.Con-
siderable efforts have been devoted toward the fabrication
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are very unique. For example, ¥©@an undergo a first-order

transition from a high-temperature metallic phase to a low-

temperature insulating phase at around 34984&ad exhibits
excellent optical, electrical, and electrochemical propeties.
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of low-valent vanadium oxide nanostructures by a variety
of methods, such as thermal evaporation, surfactant-assisted
solution, and hydrothermal/solvothermal synthesis. Park et
al %24 synthesized monoclinic VOnanowires with a rect-
angular cross section using a vapor transport method. Baudrin
et al?® prepared a three-dimensional network of monoclinic
VO, filaments by heating vanadium oxide aerogels under
vacuum. Li et aP® reported the fabrication of monoclinic
VO; single-crystalline nanobelts by a hydrothermal reaction
between formic acid and ammonium metavanadate. Qian et
al?"reported an ethylene glycol reduction process to prepare
monoclinic VG nanowire arrays under hydrothermal condi-
tions. Nesper et & developed a two-step method to syn-
thesize mixed-valent vanadium oxide (\J@anotubes using
aliphatic amines as surfactants: a gel formed by hydrolysis
and nanotubes generated by hydrothermal treatment. Our
group has synthesized orthorhombig\30g single-crystal- ) ) .

ine nanobelts by a hydrothermal method In the presence of ie 1. X0 Faters o o vaert venedu, o ranostuehres
hydrochloric acic®® In the solution-based synthesis, the for- vo,®); (B) ethanol, HV20s.

mation of low-valent vanadium oxides is usually dependent ) .

on reductants and only one-dimensional nanostructures ardi€Sults and Discussion

formed. However, the synthesis of two-dimensional nano-  Figure 1 shows the XRD patterns of powder made of
structures remains challenging to chemists and material re-low-valent vanadium oxide nanostructures synthesized with
searchers. Some organic molecules, such as oxalic acid andifferent reductants at 18T for 24 h. As shown in Figure
ethanol, show different reduction abilities in organic chem- 1A the diffraction peaks of the resulting products synthesized
istry, which inspired us to adjust the valences of vanadium ysing oxalic acid as reductant can be indexed to monoclinic
oxides. Herein, we report a facile reduction approach to the crystalline phase V&@B) with lattice contenta = 12.1 A,
synthesis of low-valent vanadium oxide nanostructures with p = 3.70 A,c = 6.43 A, ands = 107.0 (JCPDS 812392,
controlled crystal structures and morphologies by altering Table S1, see the Supporting Information), revealing that
the concentrations and types of reductants. the \A* ions in \,Os have been reduced ta*Vions by oxalic
acid in the reaction. In addition, when ethanol is used as the
reductant, the diffraction peaks of the products can be
ascribed to orthorhombic crystalline phasgVkDg with
lattice contentsa = 16.9 A, b = 9.36 A, andc = 3.64 A
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Experimental Section

Synthesis of Low-Valent Vanadium Oxide Nanostructures.
0.36 g of commercial ¥Os powder was added to 80 mL oxalic

acid (or ethanol) in aqueous solution with different concentrations . .
to form a yellow slurry. The slurry was stirred for 10 min and then (JCPDS 852401, Table S2, see the Supporting Information),

transferred to a 100 mL autoclave with a Teflon liner. The autoclave |nd|qat|ng that the V" ions in V;0s are reduced partly to
was maintained at 186C for 24 h and then air-cooled to room V' ions by ethanol.
temperature. The resulting dark blue precipitates were collected and  The influences of the concentrations and types of reduc-
washed with distilled water and ethanol several times and then driedtants on the morphologies of low-valent vanadium oxide
at 60°C under vacuum for 10 h. In all reactions, the content of the nanostructures have been investigated. Figure 2 presents
commercial VOs powder is kept unchanged. typical SEM and TEM images of Vihanobelts synthesized
Characterization. The morphologies and sizes of the resulting with 0.05 mol/L oxalic acid at 180C for 24 h. As shown
products were characterized by field-emission scanning electronjn the |Jow-magnification SEM image (Figure S1, see the
microscopy (FE-SEM, JSM 6700F) and transmission electron g, 5qting Information), one can observe that the products
MICroscopy (TEM, JEM 2OOOEX).' The crystal structures of t.he are composed of a large quantity of one-dimensionap VO
resulting products were characterized by powder X-ray diffraction . ) .
(XRD, Rigaku D-maxyA XRD with Cu Ka radiation 1 = 1.54178 nanostructl_Jres with typlca}l lengths .of up tc_> seyeral microme-
A). ters. In a high-magnification SEM image in Figure 2A, itis
clear that the geometrical shape of the M@nostructures
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is a belt. The thicknesses and widths of M@nobelts are
about 26-30 nm and 86-150 nm, respectively. Some O
nanobelts have irregular edges. The TEM image in Figure
2B confirms the belt-shaped morphology of ¥he sizes
of the nanobelts are consistent with that in Figure 2A. The
electron diffraction (ED) taken from an individual nanobelt
(the inset in Figure 2B) indicates that the nanobelt is a single
crystal and can grow along the [010] direction.

The concentration of oxalic acid plays an important role
in controlling the morphologies of Vnanostructures. As



Low-Valent Vanadium Oxide Nanostructures

Figure 2. SEM and TEM images of V&nanobelts synthesized with 0.05
mol/L oxalic acid at 180C for 24 h. (A) high-magnification SEM image;
(B) TEM image. The inset in Figure 2B shows a typical ED pattern taken
from an individual nanobelt.

Figure 4. SEM images of V@nanostructures synthesized with 0.10 mol/L
oxalic acid at 18CC for 24 h. (A) low-magnification SEM image; (B and
C) high-magnification SEM images.

thicknesses of 18620 nm and lateral dimensions of several
micrometers. The nanosheets are very closely aligned along
the axis of the olive-like structure. Figure 4 shows typical
SEM images of V@ nanostructures synthesized with 0.10
mol/L oxalic acid at 180C for 24 h. It is found that olive-
like nanostructures with six petals (Figure 4A) are formed.
The sizes are similar to that in Figure 3. In a high-
magnification SEM image (Figure 4B), it can be seen that
each petal is composed of several nanosheets. Compared with
Figure 3, the thickness of nanosheets decreases to several
nanometers and their lateral dimensions are several microme-
ters. Interestingly, as shown in Figure 4C, some hierarchical
Figure 3. SEM images of V@nanostructures synthesized with 0.08 mol/L ~ Structures with sixfold symmetry composed of nanosheets
o_xalic acid_ at 1_80°C for _24 h. (A) low-magnification SEM image; (B) can also be formed in the products.
high-magnification SEM image. When ethanol is used as the reductant, orthorhombic
the concentration of oxalic acid increases to 0.08 mol/L, as crystalline phase pV/3;0s is obtained (Figure 1B). Figure 5
shown in Figure 3A and its low-magnification SEM image represents typical SEM and TEM images ofVHOs nano-
(Figure S2, see the Supporting Information), it is interesting belts synthesized with 1.0 mol/L ethanol at 1®8Dfor 24 h.
to note that the products are made up of a large amount ofAs shown in Figure 5A, a large amount 0§\%Os nanobelts
olive-like VO, nanostructures and a small amount of nanow- are formed in the green precipitates. The typical widths and
ires. The lengths and aspect ratios of the olives are aboutlengths of the nanobelts are in the range of 2800 nm
several micrometers and 2:1, respectively. The high- and several 10s of micrometers, respectively. The high-
magnification SEM image in Figure 3B reveals that the olive- magnification SEM image in Figure 5B reveals that the
like nanostructures consist of many Y@anosheets with  products are belt-shaped and the thicknesses are abeut 10
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Figure 6. SEM images of HV30g nanobelts synthesized with different
concentrations of ethanol at 18G for 24 h. (A) 0.5 mol/L; (B) 1.5 mol/L.

hydrothermal conditions, the reductants, such as oxalic acid
and ethanol, have different reduction abilities, so tHe V
ions in \V,Os are reduced partly or completely td*to form
VO, and HV30g nanocrystals, which can serve as the growth
sites for the formation of V@and HV3;0s hanostructures.
The difference between oxalic acid and ethanol is that oxalic
acid can act as a bidendate ligand able to modify the surfaces
of growing nanocrystals, particularly the surface that pos-
) ) . . sesses the lower electronic density, thus avoiding specific
Figure 5. SEM and TEM images of b¥/30g nanobelts synthesized with .
1.0 mol/L ethanol at 180C for 24 h. (A) low-magnification SEM image; surface growth and providing the observed morphology
(B) high-magnification SEM image; (C) TEM image. The inset in Figure difference when adjusting the oxalate counterion concentra-
5C shows a typical ED pattern recorded from a single nanobelt. tion. As ethanol does not possess the above bidendate
20 nm. The TEM image in Figure 5C confirms that the capabilities, the final nanqcrytals morphology will be not
products have belt-shaped structures. The ED pattern re-2ffected by the concentration of ethanol.
corded from a single nanobelt (the inset in Figure 5C) Conclusion
indicates that the nanobelts are single crystalline and the
growth occurs along the [001] direction. The belt-shaped [N summary, we have demonstrated a facile reduction route
morphologies of B30 are not affected by the concentra- 10 the large-scale synthesis of low-valent ¥B) and HV:0g
tions of ethanol. As shown in Figure 6,¥0s nanobelts ~ Nanostructures using commercial®4 powder as the precur-
are synthesized easily with 0.5 and 1.5 mol/L ethanol at SOT- VOx(B) nanobelts are fabricated by the reduction of
180°C for 24 h. In comparison with Figure 5, the widths, ©xalic acid, which can evolve to olive-like nanostructures

thicknesses, and lengths 0bWOs nanobelts change little composed of nanosheets as the concentration of oxalic acid
as the concentration of ethanol increases. increases from 0.05 to 0.10 mol/L.,¥4;0s nanobelts are

The solution-based synthesis of low-valent vanadium oxide Synthesized by the reduction of ethanol, and the belt-shaped
nanostructures is free of any surfactants. The basic reactiongnorphologies of kVzOg are not affected by the concentration
for low-valent vanadium oxide nanostructures can be ex- Of ethanol.
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oxides. In the beginning of the reaction,® can be "€ Internetat http://pubs.acs.org.
dissolved partly in the reductant agueous solution. Under IC070339N

5790 Inorganic Chemistry, Vol. 46, No. 14, 2007





