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Abstract

Ammonium decavanadate single crystalline nanorods with an average diameter of 100 nm, length up to 5 μm, was synthesized at a large scale
in an ammonium metavanadate solution by a direct reaction-crystallization growth route. Investigations were conducted by XRD, DSC/TG,
Raman, SEM, EDS, TEM, SAED and electrical transport along single nanorod. The results show that ammonium decavanadate nanorods grow
along the direction of [1–21]. The individual nanorod exhibits nonlinear current/voltage (I/V) characteristics, with a conductivity of 0.15 S/cm at
room temperature. The dominant conduction mechanism is based on small polaron hopping between V5+ and V4+ impurity centers and the I–V
curve consists of a linear, Ohmic regime at lower electrical field and a nonlinear one at higher electrical field.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, it is more and more attractive for many
researchers to explore the design of a great variety of interesting
materials with tailored morphologies owing to the prospect of
using nanostructured objects as components in nanotechnology
[1–3]. Among them, nanorods are of considerable interest as
functional units for mediating the transport of electrons or optical
excitations [4]. Vanadium oxide and their derivated compounds
have attracted much attention due to their outstanding structural
flexibility combined with chemical and physical properties, and
also because of potential applications in areas such as catalysts,
high-energy lithium batteries, chemical sensors, electrical and
optical devices [5–7]. Recently, various methods have been
developed to synthesize the nanorod materials of vanadium oxide
and their derivated compounds. However, only limited kinds of
single-crystal vanadates with 1-D nanostructures are obtained
until now, and the synthesis of new-type nanorods remains
challenging [8]. Herein, we report the reaction-crystallization
synthesis and electrical property of ammonium decavanadate
single crystalline nanorods.
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2. Experimental

A light yellow clear solution was attained by dissolving
ammoniummetavanadate in deionizedwater. HCl acidwas added
dropwise to the above solution (0.14mol/L) until the final pHwas
1–2 under stirring. After ultrasonic treatment for 5 min, an orange
solution was attained and then transferred into a 100-mLTeflon-
lined autoclave with a stainless-steel shell, which was maintained
at 180 °C for four days and then cooled at room temperature. The
final precipitate was collected andwashedwith deionizedwater to
remove any other residues and then dried in air at 80 °C for 6–8 h.
The products were characterized on a Shimadzu XD-3A X-ray
diffraction (XRD) with graphite monochromatized Cu Karadia-
tion (λ=0.15148 nm) and nickel filter. The Raman spectra were
taken on a Renishaw RM-3000 laser Raman microscope system.
Scanning electronmicrograph (SEM) images of the samples were
obtained in a JEOL JSM-5610LVS scanning electronmicroscope.
Transmission electron microscope (TEM) images and selected
area diffraction (SAED) pictures were recorded on a JEOL-JEM
200CX transmission electron microscope (200 KV). Differential
scanning calorimetric analysis (DSC) and thermogravimetric
analysis (TGA) were carried out with Labsys™ TG-DTA/DSC
apparatus (SETARAM) with a heating rate of 10 °C/min in
flowing air. The fabrication of a single ammonium decavanadate
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Fig. 1. (a) XRD pattern of the products. The intensity from 13 to 40° for 2θ angle
is magnified by 5 times for clarity purpose. (b) TG and DSC curves of the
(NH4)6V10O28·6H2O nanorods in air.

Table 1
Raman peak frequencies and attributions of phonons in (NH4)6V10O28·6H2O
nanorods and bulk V2O5

(NH4)6V10O28·6H2O nanorods/cm−1 V2O5/cm
−1 Attribution a

141 146 δ(O2V2)n
191 198 δ(O2V2)n
283 258 δ(O–V)
303 305 δ(O–V3)
405 406 δ(O–V)
482 483 δ(O–V2)
520 528 ν(O–V3)
692 702 ν(O–V2)
959 913 ν(O–V)
991 996 ν(O–V)
a ν: stretching mode; δ: bending mode; (O2V2)n: VOx layered structure; (O–V):

terminal oxygen (V–O) structure; (O–V2): doubly coordinated oxygen structure;
(O–V3): triply coordinated oxygen structure.
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nanorod based device was carried out by ac electrophoresis and
focused ion beam (FIB) techniques [9]. DS345 Function
Generator by Stanford Research System was used to test the
electrical properties.

3. Results and discussion

TheXRDpattern of the as-synthesized products is shown in Fig. 1a. All
diffraction peaks can be readily indexed to the anorthic system with the
Fig. 2. Raman spectrum of the (NH4)6V10O28·6H2O nanorods in room
temperature.
lattice constants a=10.15 Å, b=10.28 Å, c=16.73 Å, αa" was changed to
"α". Please check if appropriate.–>=96.5°, β=87.18°, γ=8.99° (JCPDS
No. 79-1789). No peaks of any other phases are detected, indicating the
high purity of the (NH4)6V10O28·6H2O products.

TG measurement (Fig. 1b) reveals a 9.1% weight loss from 65 to
380 °C, which originates from the decomposition of (NH4)6V10O28·
6H2O to V2O5 confirmed by XRD investigation (not shown here),
corresponding to the following reaction

ðNH4Þ6V10O28d 6H2O→5V2O5 þ 6NH3ðgÞ þ 9H2OðgÞ: ð1Þ

This weight loss matches very well the water and ammonium content of
(NH4)6V10O28·6H2O (9.2%). In addition, as shown in the DSC curve, the
endothermic peak at 316 °C and the exothermic peak at 366 °C
correspond to the dehydration and the decomposition of ammonium,
respectively. And the endothermic peak at 673 °C shows melts-point of
the V2O5 from the decomposition of (NH4)6V10O28·6H2O. When
temperature is more than 673 °C, tiny weight loss of the samples can
be attributed to vaporization of V2O5. The TGA/DSC results further
confirm that the product is (NH4)6V10O28·6H2O.

From Fig. 2 and Table 1, it is shown that the Raman peaks at 285, 305,
406, 483, 528, 702, 996 cm−1 have a red shift of less than 10 cm−1, which
should be attributed to both the quantum confinement effect (QCE) [10].
The frequency shift of vanadyl mode is also ascribed to the presence of
ammonium cations in the vicinity of oxygen and to the distortion of the
V_O bonds [11]. Notably, the terminal oxygen symmetric stretching
mode of V_O at 913 cm−1 shifts to higher wavenumber of 959 cm−1.
This chemical shift could be related to the reduction of oxidation state of
vanadium from V5+ to V4+ and the increase of electronic conductivity
[11]. Although the presence of V4+ needs to be confirmed by electron
paramagnetic resonance (EPR) technique, the increase of electronic
conductivity has been supported by the electrical test results below.

SEM investigation shown in Fig. 3a–b indicates that the resulting
products is composed mainly of rod-like nanostructures with well-
defined facets and the texture-like structure of the nanorods can be seen
clearly. The average diameter of the nanorods is 100 nm, with lengths of
1–5 μm. Energy dispersive X-ray spectroscopy (EDS) further confirms
the presence of N, Vand O (H cannot be detected by EDS). The yield of
the nanorods is estimated to be higher than 90% based on the SEM result.

TEM result (Fig. 3d) further reveals that the smaller rods with
diameters ranging from 40 to 80 nm are agglomerated to form the typical
bundle structures which corresponds to the texture-like morphology as
seen by SEM. The SAED pattern taken from a single nanorod (Fig. 3e) is
indexed to anorthic (NH4)6V10O28·6H2O. Significantly, the diffraction



Fig. 3. Low (a) and high magnification (b) SEM images, EDS spectrum (c) of (NH4)6V10O28·6H2O nanorods; TEM images of the (NH4)6V10O28·6H2O nanorods
bundle (d) and a single nanorod (the inset shows the corresponding SAED pattern) (e).

Fig. 4. (a) I–V curve of individual (NH4)6V10O28·6H2O nanorod (the inset is a
schematic view of the individual nanorod electrode). (b) The positive part of the
I–V characteristics of the transversal system, rebuild as a function of log(I).
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pattern did not change as the electron beam was moved along the
nanorod, indicating that the whole nanorod is a single crystal, with a
preferential growth direction along the [1–21] direction.

The I–V curve of the individual (NH4)6V10O28·6H2O nanorods at
room temperature is shown in Fig. 4a. A contact resistance is about
80 MΩ, the effective length and cross-section of the sample is known
only at approximately 4.7×10−4 cm and 4×10−9 cm2, respectively,
so we can deduce the conductivity value of 0.15 S/cm. The con-
ductivity of the (NH4)6V10O28·6H2O nanorods is higher than that of
self-assembling (NH4)0.5V2O5·6H2O nanowires (∼10−3 S/cm) [8] or
rf-sputtered V2O5 (10

−4–10−3 S/cm) [12]. Obviously, the compounds
contain V5+ and V4+ due to the existence of NH4

+. Therefore, it can be
accepted that electrical conduction from (NH4)6V10O28·6H2O
nanorods proceeds via hopping between V5+ and V4+ impurity
centers.

Interestingly, the (NH4)6V10O28·6H2O nanorod sample exhibits
slightly nonlinear, symmetric current/voltage (I/V) characteristics. In
order to further study the electrical conduction mechanism, we have
simulated the I–V curve. It is found that the obtained characteristic is
symmetrical and behaves linearly for electrical field lower than
425 V/cm. This behavior may be explained by the Ohmic mechanism
of conductivity in the low electrical field. A further increase in the
applied voltage results in an exponential behavior in the current
mechanism. This is typical for Schottky or Poole–Frenkel structures.
Since the thickness size of the nanorod is more than 50 nm, the tunnel
current can be ignored. The following are the formula of Schottky and
Poole–Frenkel emission [13]:

ISE~T 2 exp

ffiffiffiffiffiffiffiffiffiffiffiffi
e3V=e
kT

r !
ð2Þ

IPFE~V exp

ffiffiffiffiffiffiffiffiffiffiffiffi
e3V=e
kT

r !
: ð3Þ
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Unlike the Schottky mechanism, defined by thermo-electron
emission of the free charge carriers, the Poole–Frenkel transport is
defined by emission from structural defects in energetic traps. The
Poole–Frenkel mechanism is described by the following expression
[14]:

I ¼ qn0 E exp � q
kT

/B �
ffiffiffiffiffiffi
qE
ke

r !" #
ð4Þ

where n0 is the carrier density, q is the mobility of carriers, and ϕB is
the depth of the traps in the (NH4)6V10O28·6H2O nanorods. The second
component in the square brackets is equivalent to the Schottky barrier
lowering due to the presence of an electric field. Fig. 4b presents the
positive part of the I–V characteristics of the transversal system,
rebuild as a function of log(I). The aim of this plot is to analyze the
conduction mechanism in high fields (enlarged voltages). It is seen that
the conductance behavior within fields that are lower than 756 V/cm,
may be described as a Schottky behavior and right after this value as a
Poole–Frenkel behavior. The (NH4)6V10O28·6H2O nanorods are found
to have some bulk and surface defects, as shown by circles in Fig. 3e.
Therefore, Poole–Frenkel emission in this case is the preferable
mechanism that agrees with the results described by others [13].

4. Conclusions

In summary, (NH4)6V10O28·6H2O nanorods with the texture-
like morphology were successfully synthesized. This is an
efficient and mild solution method with clear advantages over
the traditional high-temperature approach for the large-scale
production of 1-D multicomponent nanomaterials. The indi-
vidual (NH4)6V10O28·6H2O single crystalline nanorod exhibits
nonlinear current/voltage (I/V) characteristics, with a conduc-
tivity of 0.15 S/cm at room temperature. The dominant con-
duction mechanism is based on small polaron hopping and the
I–V curve consists of a linear, Ohmic regime at lower electrical
field and a nonlinear one at higher electrical field. The increase
of electronic conductivity of nanorods could be related to the
reduction of oxidation state of vanadium from V5+ to V4+
corresponding to the chemical redshift of Raman peak at
913 cm−1. The novel nanomaterials will exhibit potential
applications in areas such as nanoelectrodes and other electrical
devices.
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