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Large-scale long (NH4)0.5V2O5 nanowires have been synthesized by rational hydrothermal treatment of

ammonium metavanadate at 170 uC. Scanning electron microscope and transmission electron microscope

analyses show that the nanowires have diameters of about 20–80 nm, and lengths up to 0.5 mm. Some self-

assembled nanobelts are observed with a thickness of 18 nm and width of 100–200 nm. Electrical transport

measurements shows that the nanowires are semiconductors with a conductivity of about 1023 S cm21 at room

temperature. The conduction mechanism can be explained by small polaron hopping in transition metal oxides.

Introduction

Vanadium oxide and derived compounds1 are receiving
significant attention because of their structural versatility
combined with chemical and physical properties. They have
been applied in catalysis and as electrochemical devices2,3 on
the basis of their structure and properties. While vanadium
oxide phases containing mixed valence vanadium (V51 and
V41) crystallize in 3D network structures, they can be regarded
as layered structures in which VO5 square pyramids are
connected by sharing corners and edges.4 This structural
particularity permits the synthesis of MxV2O5 phases with
various metal cations embedded between the layers without
far-reaching restructuring.5 Over the past few years, meso-
porous sieves of vanadium oxide have been synthesized via the
intercalation of tetramethylammonium cations6 between VO5

square pyramid layers, and vanadium oxide nanotubes have
been obtained by intercalation of primary alkylamines.7

Intercalated monoamines can be substituted by diamines
simply by mixing a suspension of vanadium oxide nanotubes
(VOx-NTs) with the diamine. Furthermore, a certain amount
of the monoamine for VOx-NTs can be exchanged reversibly by
various metal ions such as Na1, K1, Ca21, Sr21, Fe21 and
Co21.8 The possibility to insert lithium electrochemically opens
up some new perspectives for battery applications, and several
research groups have measured the specific capacities up to
200 mAh g21.9

Attention has recently been focused on the research field of
one-dimensional (1D) nanostructured materials, such as
nanowires and nanotubes, because of both their fundamental
research importance and the wide range of their potential
applications in nanodevices.10 Semiconducting 1D nanomater-
ials are known to have many interesting physical properties and
great applications in optoelectronic devices, for example,
nanowire light-emitting devices with extremely low power
consumption.10a Therefore synthesis of novel nanowires is very
important to meet more widely applied requirements. Here we
report the synthesis and characterization of a novel nano-
structure: self-assembling (NH4)0.5V2O5 nanowires. Because
NH4

1 ion is located in the VO5 square pyramid layer, it is easy
to realize its exchange with other metal ions to form new
MxV2O5 nanowires.

Experimental

Synthesis of (NH4)0.5V2O5 nanowires

Analytical grade ammonium metavanadate (NH4VO3: 0.65 g)
and distilled water (40 ml) were put into a Teflon-lined stainless
steel autoclave, sealed and maintained at 170 uC for 2 days.
After the reaction was completed, the resulting dark green
product was filtered off and washed with distilled water to
remove ions possibly remaining in the final products, and
finally dried at 70 uC in air. If the reaction time was prolonged
to 7 days, the products still were (NH4)0.5V2O5 nanowires, their
morphologies were the same, and the length of the nanowires
did not increase.

Characterization

The products were characterized on a Shimadzu XD-3A X-ray
diffractometer with graphite monochromatized Cu Ka-radia-
tion (l ~ 0.15418 nm) and a nickel filter. TEM images and
SAED (selected area electron diffraction) pictures were
recorded on a JEOL-JEM 200CX transmission electron
microscope, using an accelerating voltage of 200 kV. SEM
pictures were taken by a LEO-1530VP scanning electron
microscope. H and N elements were quantified by a Foss
Heraeus CHN–O–Rapid elemental analyzer. The V content
was confirmed by conventional weight analysis methods. The
infrared spectrum of the sample was recorded on a BRUKER
VECTOR 22 infrared spectrometer. The micro-Raman spec-
trum of the sample was recorded on a T64000 Laser Raman
spectrometer. The electrical transport properties were mea-
sured through the standard four-probe method. The currents
were applied via a Keithley 220 current source (I ~ 100 nA),
and the voltages were recorded on a Keithley 2010 voltmeter.
Temperatures were measured via carbon-glass resistance
(Oxford Company).

Results and discussion

The X-ray diffraction (XRD) pattern of the as-synthesized
(NH4)0.5V2O5 nanowires is shown in Fig. 1. All diffraction
peaks can be perfectly indexed to the monoclinic system
with the lattice constants a ~ 11.71, b ~ 3.60, c ~ 9.72 Å andD
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b ~ 101.0u (JCPDS No. 31-75; NH4V4O10 may be regarded as
(NH4)0.5V2O5). The chemical compsition was also measured via

element analysis methods. Weight percentages of H, N and V
are respectively 1.02%, 3.63% and 53.30%, further confirming
that its molecular composition is (NH4)0.5V2O5. SEM images
of the nanowires are shown in Fig. 2A–E. It can be seen that a
typical nanowire bundle is of diameter of about 1 mm and
length up to 0.5 mm, as shown in Fig. 2A. Fig. 2B is a
magnified micrograph of a nanowire bundle. Fig. 2C shows the
self-assembled nanostructure, and every nanowire has a
diameter of about 26 nm. Fig. 2D indicates single nanowires
with diameters of about 80 nm. Some self-assembled nanobelts
are also observed with a thickness of 18 nm and width of 100–
200 nm (Fig. 2E). Fig. 2F shows TEM images of the nanowire

bundles, with a diameter of about 130–210 nm, and some single
nanowires have a diameter of about 14 nm (as white arrow
shows in inset). Fig. 3A reveals the belt-like nanostructure by
TEM observation, indicated by the arrow. Fig. 3B shows the
morphology and electron diffraction (ED) pattern (inset) of a
bundle of (NH4)0.5V2O5 nanowires. The ED pattern could be
indexed perfectly and supported the XRD results, and
indicated nanowire growth along the [100] direction.

Fig. 4 shows the Fourier transform infrared (FTIR)
spectrum of the as-prepared nanowires. The absorption
bands at 549.6 and 997.1 cm21 are respectively assigned as
V–O–V deformation and VLO stretching modes.11 The
absorption peak at 3176.5 corresponds to the N–H mode of
NH4

1 groups. The peak at 3418.5 cm21 may be attributed to
the O–H stretching vibration of H2O. The peaks at 1400.2 and
1635 cm21 belongs to the N–H in-plane bending vibration
mode. Thus, the FTIR spectrum further confirms that the
nanowires are composed of (NH4)0.5V2O5.

Fig. 5 shows the Raman spectrum of (NH4)0.5V2O5 nano-
wires. According to the reported Raman spectrum of vanadium
oxide,12 the band at 998 cm21 is assigned to VLO stretching of
distorted octahedra and distorted square pyramids, while the
band at 678 cm21 is due to coordination of vanadium atoms
with three oxygen atoms. The bands at 402, 494 and 527 cm21

are attributed to V–O–V stretching mode, while other bands
below 400 cm21 can be assigned to V–O and V–O–V bending
modes.13,14 A strong peak at 142 cm21 approaches the external
mode band (146 cm21) of V2O5,14 so it can be attributed to the
external mode band of (NH4)0.5V2O5 nanowires. The results
are shown in Table 1. As for structure, NH4VO3 is composed of
tetrahedral basic units connected to form a chain-like structure,

Fig. 1 XRD pattern of (NH4)0.5V2O5 nanowires.

Fig. 2 Morphologies of (NH4)0.5V2O5 nanowires. (A) A low-magnification SEM image; (B) a high-magnification SEM image, showing that the
nanowire bundle is made of many parallel nanowires; (C) and (D) self-assembled nanostructure; (E) belt-like nanostructure; (F) TEM images of
(NH4)0.5V2O5 nanowire bundles.
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whereas V2O5 is formed by layers of edge and corner-sharing
VO5 pyramids sticking out at both sides of the layer, therefore
(NH4)0.5V2O5 should have an intermediate structure, namely,
NH4

1 intercalates into the double layer consisting of edge- and
corner-sharing VO5 pyramids in V2O5,11,15 and pristine the
V2O5 structure distorts to form a monoclinic structure. The

structure should be similar to that of (NH4)0.5V2O5?mH2O
xerogel,16 however, the VO5 pyramid layers of the
(NH4)0.5V2O5 nanowires do not contain structural water,
and the (NH4)0.5V2O5 nanowires are single crystals, so they
have different cell parameters from (NH4)0.5V2O5?mH2O
xerogel. The structure scheme is depicted in Fig. 6.

The hydrothermal reaction is included as follows:

2NH4VO3 ~ (NH4)0.5V2O5 1 1.5NH3 1 H2O

First, ammonium metavanadate in aqueous solution forms
NH4

1 and VO3
2. As the temperature increases, some NH3

enters the gas phase while metavanadate groups start to
agglutinate into VO4 tetrahedra chains, in which the tetrahedra
are connected by sharing corners. When the reaction proceeds
to a certain extent, the tetrahedral chains coalesce to form VO5

pyramid sheets by H2O bridge connection between vanadium
ions, in which pyramids are connected at corners or edges, and
NH4

1 inserts between VO5 pyramid sheets. The sheets roll up
to form nanotubes, and the narrow sheets form nanowires, and
some sheets remain as nanobelts. Electrical attraction between
the nanowires leads to their self-assembly. Owing to the
existence of NH4

1 between VO5 pyramid sheets, the nanowires
have electrical conductivity so that they may be used in
nanoelectrodes or nanosensors.

Considering that the nanowires may find further application

Fig. 4 FTIR spectrum of as-synthesized (NH4)0.5V2O5 nanowires.

Fig. 5 Raman spectrum of as-synthesized (NH4)0.5V2O5 nanowires.

Fig. 3 TEM image and ED pattern of (NH4)0.5V2O5 nanowire.
(A) Overview of nanowire bundles and nanobelts; (B) morphology
and ED pattern of single nanowire bundles along the [01̄1] direction.

Table 1 Raman vibration modes of V2O5, (NH4)0.5V2O5 and NH4VO3

VLO, V–O–V bending vibration mode/cm21 V–O–V stretching vibration mode/cm21
VLO stretching
vibration mode/cm21

V2O5
a 146 286 m 303w 406 480, 527 695 m 995 s

(NH4)0.5V2O5NWs 142 s 276 m 402 494 w, 527 679 997 ms
NH4VO3

b 260 w 320 w, 378 w 497 ms 643 m 927 s, 890 w
Assignment Ext. dvov dvo2 nvov (sym) nvov (asym) nvo2(sym), nvo2(asym)
a Ref. 13a and 12. b Ref. 14. Abbreviations: s ~ strong, m ~ medium, ms ~ medium strong, w ~ weak, d ~ bending mode, n ~ stretching
mode, Ext. ~ external mode.

Fig. 6 The structure scheme of (NH4)0.5V2O5. Ammonium ions
(NH4

1) are shown as dark dots. The pyramids represent VO5

pyramids.
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in electric devices, electrical transport measurements were
performed by the standard four-probe method.17 Samples for
measurements were prepared by such a procedure that the
nanowires were pressed to bulk materials with 1 6 3 6 10 mm
at 300 kgf cm22. Four copper wires as electrodes with 1 mm
separation adhered to the sample with conducting silver
gelatin. The conductivity of the sample can be estimated as
y1023 S cm21 at room temperature by probe measurement.
The conductivity approaches that of rf-sputtered V2O5 (s y
1024–1023 S cm21).18 Obviously, the compounds contain V51

and V41 due to the existence of NH4
1. Therefore, it can be

accepted that electrical conduction from (NH4)0..5V2O5 pro-
ceeds via hopping between V51 and V41 impurity centers.
Temperature dependent measurements revealed a decline in
conductivity with decreasing temperature, consistent with
thermally activated hopping transport. The resistance R
versus T is plotted in Fig. 7, and ln(T/R) versus reciprocal
temperature is shown as an inset in the range 120–300 K. The
plot is performed to analyze the data in the frame of the general
formula proposed by Mott19 for small polaron hopping in
transition metal oxides:

s ~ (n0e
2c(1 2 c)/krt) (22ar) exp(2w/kt)

where n0 is the phonon frequency, C the concentration ratio
V41/(V41 1 V51), r the average hopping distance, W the
activation energy, and a the rate of wave function decay.
Approximating the plot (inset in Fig. 7) by a straight in the high
temperature range (T w 156 K) leads to an activation energy of
0.17 eV, which approaches the values of 0.20–0.40 eV reported
for V2O5 xerogels and nanowires by other groups.17,20 It
further confirmed that electrical conduction of the nanowires
follows a small polaron hopping model.

Conclusions

Long self-assembling (NH4)0.5V2O5 nanowires have been pre-
pared by simple hydrothermal reaction. Electrical measurements

show that they are semiconductors. The conducting mechanism
can be explained by small polaron hopping in transition metal
oxides. The nanowires can be transformed into V2O5 nanowires
or VO2 nanowires by thermal treatment.
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