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Abstract Vanadium-oxide nanowires (NWs) V,0s,
VO,(R), VO,(B), and V,0; are deposited on a
substrate to study their field-emission properties.
V,05 NWs are prepared by thermal evaporation via
vapor transport of a vanadium-oxide complex under
mild conditions. Films of VO, and V,0s wires are
subsequently prepared by reducing V,05 one-dimen-
sional nanocrystals at 450 °C with hydrogen gas. The
composition of the flowing H,/Ar mixture and the
duration of reduction are utilized to control the
formation of VO,(R) or VO,(B) NWs. The crystal-
linity and morphology of products as prepared are
characterized using several techniques, including
powder X-ray diffraction, a scanning electron micro-
scope, and a transmission electron microscope. The
field-emission properties of the vanadium-oxide NW's
as prepared exhibit a turn-on field of 4.56-7.65 V/um
and an emission current density up to 3.68-8.36 mA/
cm’. These features indicate that vanadium-oxide
NWs have potential FE emitter applications.
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Introduction

Metal oxides with a one-dimensional (1D) nanostruc-
ture, such as nanobelts, nanorods, nanowires (NWs),
and nanotubes, have attracted considerable attention
because of their specific physical properties and
diverse potential applications in catalytic, photoelec-
tronic, sensor, battery, and thermoelectric devices
(Xiong et al. 2008; Jiang et al. 2006, 2011; Li et al.
2006; Wang et al. 2010; Wang and Cao 2007; Li et al.
2010; Ramgir et al. 2010; Fan et al. 2009; Wang 2008;
Liu et al. 2008; Wei and Natelson 2011; Zhai et al.
2011). Among these materials, a 1D nanostructure for
vanadium oxides with varied oxidation states, includ-
ing V5,05, VO,, and V,03;, shows electronic, thermo-
chromic, magnetic, and optoelectronic properties,
which are widely applied in chemical sensors and in
electrochromic and thermochromic devices (Zhai
et al. 2010; Wang et al. 2008; Liu et al. 2005;
Grigorieva et al. 2010; Wee et al. 2010; Yin et al.
2011). In some vanadium-oxide compounds, the
unique structural features and structural transforma-
tions enable an application of their serving as
electrodes in rechargeable lithium batteries (Jiao
et al. 2006; Leger et al. 2007).

Vanadium dioxide (VO,) is a traditional binary
compound with several allotropic phases, including
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VO,(R), VO,(B), and VO,(A). VO,(R), with a rutile
monoclinic structure as the most stable phase, pos-
sesses a unique phase transition from semiconductor to
metal (SMT) at about 340 K that initiates a phase
transition, leading to a transformation of the optical
properties, IR penetration, and total reflection (Ji et al.
2010; Guiton et al. 2005). Metastable VO,(B) exhibits
a promising electrochemical performance compared
with the well-known binary oxide V,0s, which has
been increasingly looked at as a candidate for the
cathode in lithium-ion batteries (Baudrin et al. 2006).
V,0; also undergoes a phase transition from SMT at
~150 K (Morin 1959). After the phase transition, an
insulating, antiferromagnetic phase of the monoclinic
class converts to a metallic phase with the corundum
structure; the electrical resistivity also decreases
radically.

Reduced vanadium-oxide NWs are synthesized
using several methods. A common preparation of
vanadium-oxide NWs involves a hydrothermal treat-
ment of the vanadium precursor with a reducing agent.
For example, Sediri et al. (2006) reported the use of
aniline as both the reducing agent and the structural
templating agent to prepare VO,(B) nanoneedles from
bulk V,0s5 powder. Yin et al. (2011) reported a
hydrothermal method to synthesize bundle-like
VO,(B) NWs, followed by heat-treatment process to
produce VO,(M1/R) nanobundles. Ji et al. (2010)
fabricated single-crystal VO,(R) nanorods from the
reaction of bulk V,0s powder under hydrothermal
treatment in the presence of oxalic acid as the reducing
agent and H,SOynq as the acidifying agent.
VO,(R) with 1D nanostructures was synthesized via
PECVD, as reported by Guiton et al. (2005) they
deposited VO,(R) NWs on Si3N, substrates with
VO,(B) powder as a vanadium source under thermal
evaporation (900-1,000 °C) with flowing argon as a
carrier gas. V,03 1D nanostructures have been
synthesized only through reduction from V,Os or
VO, to V,0;. For example, Santulli et al. (2009)
prepared VO, nanorods with a hydrothermal treatment
and reduced it to V,0j3 in the presence of a reducing
gas. Corr et al. (2008) reported a systematic reduction
of V,05 nanoscrolls to VO,(R) and V,05 on adjusting
the reduction temperature and reaction period. To our
knowledge, there has been no prior study for VO,(R),
VO,(B), and V,03 NWs deposited on a substrate.

We controlled the growth of nearly aligned MoO3
and V.05 NWs on various substrates (Wu and Lee
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2009a, b), and obtained reduced vanadium-oxide NWs
using V,05 NWs, as prepared, on an ITO substrate
(Wu and Lee 2009b). In the present study, we
performed a systematic investigation of reduction
conditions to obtain reduced vanadium oxides as
VO,(R), VO,(B), and V,0;3 NWs by adjusting the
duration of the reaction or the composition of the
reducing gas. Structural information about reduced
vanadium-oxide NWs was derived with analytical
techniques including scanning electron microscope
(SEM), transmission electron microscope (TEM),
SAED, X-ray diffraction (XRD), and XPS. We also
measured field emission. The results showed small
actuation voltages and a large current density for
reduced vanadium-oxide NW arrays, properties which
would be useful in optoelectronic nanodevices.

Experiments
Synthesis

V,05 NWs were grown on a substrate by means of
thermal evaporation (Wu and Lee 2009b). A mixture
of V,05 powder (0.1 g, 0.55 mmol) and NH,OHH-
Clag 3 M, 2 mL) was placed in a glass vial and
stirred at 50 °C. The color of the mixture turned from
orange to blue, indicating the reduction of V,Os.
Thereafter, a glass slide rinsed with ethanol and
deionized water covered the top of the glass vial, and
this installation was transferred to a programing
furnace. The temperature was raised to 400 °C over
1 h; V,05 NWs were grown on the surface of the glass
slide. The pure V,0s NW thin film was placed in an
alumina crucible in a tube furnace under flowing
reducing gas at a flow rate 0.4 standard liter per minute
(SLPM). This reduction proceeded at a constant rate of
heating, 200 °C/h, and then held at 450 °C. The
reaction conditions to obtain pure phases of reduced
vanadium oxides are summarized in Table 1.

Characterization

Several analytical techniques were used to confirm the
nature of the products as prepared. The crystalline
products were subjected to powder XRD (Bruker AXS
D8 Advance, Leipzig Germany; operated at 40 kV,
40 mA) with Cu-Ka radiation. The micrographs of a
SEM (Hitachi, S-4700I, operated at 15 kV) and a TEM
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Table 1 Reduction conditions and refined cell parameters of reduced products as obtained
Product Conditions of reduction Refined cell parameters (A)

Composition T (°C) Duration (h) Lattice Space group a b c B
VO,(R) 10 % H»/90 % Ar 450 12 Monoclinic  P2,/c 574 (7) 4.54 (1) 535 (@) 1225 (1)°
VO,(B) 100 % H, 450 2 Monoclinic  C2/m 12.03 (2) 3.687 (5) 6.4 (1) 106.8 (2)°
V205 100 % H, 450 4 Hexagonal R-3¢ 494 (2) 494 (0) 14019 () -

(JEOL, JEM-3000F, operated at 200 kV) were used to
determine the morphology and size of the NWs. The
samples for the TEM experiments were prepared as
follows. The NWs were separated from glass on
ultrasonic dispersion of the thin film in ethanol for
5 min. The dispersion solution was then dropped onto
a copper grid (carbon film-coated, 100 mesh), and
dried in air leaving the NWs spread on the carbon film.
X-ray photoelectron spectra were recorded with a XPS
spectrometer (PHI Quantera SXM); the pass energy
was 55 eV and the binding energy was calibrated
according to the C-1s line at 284.4 eV. The pressure in
the chamber was less than 6.7 x 10~ Pa during the
experiment. All spectra were fitted with a XPS peak
software package. For measurement of the field
emission, the vanadium-oxide thin films were placed
in a vacuum chamber near 295 K, and used copper
conductive tape to connect the thin film and one of
electrode. During the experiment, the pressure of
vacuum chamber was kept less than 3 x 1077 Pa. The
distance between the electrode and sample was fixed at
100 pm; a high-voltage source meter (Keithley 2410)
was used to measure the current—voltage characteris-
tics. The measurements were performed several times
to obtain reproducible results. The measured emission
area was 0.785 cmz, which was adhered to the surface
of a copper electrode using silver paint and mounted to
a stage with a resistive heater. In the measurement, the
turn-on field is determined by extracting the intercep-
tion of the linear region to the x-axis of a semi-log plot.

Results and discussion

Synthesis and reduction conditions

V,05 NWs thin film were first prepared as a reactive
precursor via a route of vapor pyrolysis and deposition

on a glass substrate developed previously. The V,05
NWs as prepared were further heated in a tube furnace

with H,/Ar pre-mixed gas as a reducing atmosphere,
with  controlled composition and flow rate
(0.4 SLPM). When we tried to reduce the V,0s5 thin
films with H,/Ar pre-mixed gas at ambient concen-
trations, we discovered that VO,(R) and
VO,(B) appeared only under conditions of H, at low
and high concentrations. On this basis, we set two
reduction conditions to prepare reduced vanadium
oxide as a pure phase under mild and rigorous
reducing conditions using low and high concentrations
of H, in Ar pre-mixed flowing gas. Details of the
parameters and the results of the reduction conditions
are summarized in Table 1 with supporting informa-
tion (Table S1).

Powder X-ray diffraction

The crystallinity and purity of NWs as prepared were
confirmed with powder XRD, as shown in Fig. 1. The
XRD profile of the V,05 NW precursor as synthesized
was indexed according to an orthorhombic unit cell
(JCPDS 41-426, space group: Pmn2;) with refined
lattice parameters of a = 11.45 (1) A, b=4430
(6) A, and ¢ = 3.542(3) A.Figure 1b shows the XRD
pattern for the product obtained under mild reduction
conditions (No. 3), which corresponded to monoclinic
rutile VO,(R) (JCPDS 43-1051). For conditions Nos. 4
and 5, the products were VO,(B) (Fig. Ic, JCPDS
65-7960) and V,0; (Fig. 1d, JCPDS 84-0312). The
refined lattice parameters of all products are summa-
rized in Table 1. The reduction could be regarded as a
continuous process and that the vanadium oxide was
reduced gradually by hydrogen. The transformation of
V** into V>T occurred immediately after the conver-
sion of V°* to V**. Vanadium ion V** was treated as
an intermediate during the reduction that could be
preserved on limiting the duration of the reaction.
Amorphous VO, was also preserved, and PXRD
profiles revealed a small ratio of signal to noise.
When the duration of reduction was increased, the
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Fig. 1 XRD profiles of (@) V,0s, (b) VO»(R), (c¢) VO,(B), and
(d) V203

amorphous VO, species became completely converted
to V,0;5 and crystallized, which resulted in a sharp
PXRD pattern.

Morphology and structure

The representative morphology and structure of typ-
ical product NWs were investigated with FE SEM and
TEM, as shown in Figs. 2 and 3, respectively.
Figure 2a shows the SEM image of precursor product

V,05 NWs possessed a length up to 30 um, as
calculated from the SEM image. Other SEM images
(see Supporting Information, Fig. S1) confirmed the
NW structure of V,0s5 to have a width of 70—-150 nm.
The side-view image (inset of Fig. 2a) clearly revealed
that V,05 NWs were aligned to the surface of the
glass. Figure 2b—d shows SEM images of the reduced
products; the insets are their corresponding side-view
images. The structures of reduced VO,(R), VO,(B),
and V,0; NWs were essentially similar to that of
V,05 NWs as prepared. It was clearly demonstrated
that the morphology was not destroyed during the
reduction.

Figure 3a shows the TEM image of a single V,05
NW; the insets show its corresponding selected area
electron-diffraction (SAED) pattern (top) and high-
resolution TEM (HR-TEM) image (bottom). The
SAED pattern and HR-TEM image of the single wire
were recorded from the [0 1 0] zone axis; the SAED
pattern revealed sharp and clean diffraction spots,
indicative of a single-crystalline property. The HR-
TEM image indicated lattice fringes of spacing 5.72
and 3.39 A, corresponding respectively to the (2 0 0)
and (1 0 —1) crystal planes for orthorhombic V,0s.
The growth direction was along the c-axis, which was
deduced from the 90° angle between the c- and a-axes,
consistent with previous study. Figure 3b—d shows

Fig. 2 Top-view SEM images and corresponding side-view images (inser) of a V,0s, b VO,(R), ¢ VO,(B), and d V,03 NW thin films
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Fig. 3 TEM (left), SAED (right top), and HR-TEM (right bottom) images of a V,0s, b VO,(R), ¢ VO,(B), and d V,0; NWs as

obtained, respectively

TEM images of single NWs of reduced products, and
the insets show their corresponding SAED patterns
(top) and HR-TEM images (bottom). The SAED
patterns and HR-TEM images of VO,(R), VO,(B),
and V,0j; single wires were recorded from the zone
axes [2 —1 1], [0 0 1], and [2 —2 1], respectively. All
SAED patterns of reduced products exhibited sharp
and clean diffraction spots owing to the single-
crystalline property. The HR-TEM image of a portion
of VO,(R) NW revealed parallel lattice fringes with
inter-layer distances of ~3.31 and 3.19 A, corre-
sponding to planes (1 1 —1) and (0 1 1). Combined
with the TEM image, the growth direction of the
VO,(R) NW was near a vector perpendicular to plane
(11 —1). The HR-TEM images of VO,(B) NWs show
the d-spacings of 3.5 and 5.7 A, consistent with those
of (1 —1 0) and (2 0 0), respectively. The growth
direction of VO,(B) NWs was along the b-axis, as
deduced from the 90° angle between the b- and a-axes.

As shown in Fig. 3d, the marked interplanar
d-spacings of 2.5 and 5.0 A corresponded to the
(01 =2) and (1 —1 4) lattice planes of hexagonal
V,0;, respectively. The results of SAED and
HR-TEM demonstrated that the V,0; NWs had a
single-crystalline structure along a growth direction of
the normal vector of plane (1 1 0), deduced using the
90° angle between two normal vectors of planes (1 1 0)
and (1 —1 4). The directions of crystal growth of
all reduced products were indicated by SAED and
HR-TEM analyses, and these were influenced by the
conversion of precursor product V,05 NWs.

X-ray photoelectron spectral analysis
XPS analysis was undertaken to investigate the oxida-
tion state of vanadium ions in the products as prepared.

As shown in Fig. 4, XPS lines of ~517 eV (V2py,)
and ~524 eV (V2ps),), respectively, are assigned to
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Fig. 4 XPS spectrum in the V-2p region of (a) V,Os,
() VOy(R), (¢) VOu(B), and (d) V,0;3 NW thin films as
prepared, respectively

the BE of V" in the VO, NWs. The lines in the V2p3,»
spectra of VO,(R) and VO,(B) (Fig. 4, lines b and c)
were broad, ranging from 514 to 518 eV, indicative of
mixed oxidation states of vanadium ions. According to
line modeling, the V2p;,, spectrum contained three
contributions at 517.02, 515.93, and 515.04 eV, cor-
responding to V5+, V4+, and V3* ions, indicative of
V3* and V" jons on the surface of VO,(R) and
VO,(B) NWs. The broad line caused by mixed
oxidation states of vanadium ions, V°, V*T, and
V3* ions, was found also in the V2p3/, spectrum of
V,0; (see Fig. 4, line d). The appearance of V" and
V** ions might have been due to the oxidation of
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Fig. 5 Schematic illustration of transformative evolution,
showing single atomic layers of (a) V,0s5, (b) VO,(R),
(c) VO,(B), and (d) V,03 along their corresponding growth
planes
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vanadium ions at the surface of the NWs; this
phenomenon was over-amplified in XPS because of
its surface sensitivity.

Reaction mechanism

To deduce the transformation mechanism, we assumed
that the directions of crystal growth of all reduced
products were influenced by the precursor product of
V,05 NWs. According to this assumption, we proposed a
schematic illustration of a transformative evolution
depending on the growth direction of each phase of a
VO, NW.Figure 5 shows the single atomic layers of each
phase of VO, NWs with their corresponding growth
plane, determined from the crystalline analyses with HR-
TEM and SAED. Figure 5a shows one layer of plane
(001) of the V,Os structure; the layer structures along the
b-axis being the key fragments for the structure in the
transformative evolution. During reduction with a reduc-
ing gas, the distance between adjacent layers decreased
and the layers connected with each other through O-V-O
bonds to form a 3D network structure. The lowest
oxidation state of vanadium ion was +3 in V,0s; two
intermediates were found in VO,(R) and VO,(B) phases.
As a continuous process, the transformation from V,0s to
VO, (routes a and b) occurred first; the VO, phase then
converted further into V,05 (routes ¢ and d).

In route a, the odd layer of V,05 fragment shifted
from its original location by —1/4, —1/2, 0. After this
dislocation, the odd layers connected with even layers
through dangling oxygen atoms; the redundant oxygen
atoms were removed by hydrogen molecules. The
former layer structures became adjacent to one
another, and further new bonds were formed between
vanadium and oxygen atoms, resulting in a
VO,(B) phase structure.

In route ¢, the VO,(B) phase reduced to form the
V,0; phase. When the reduction was maintained,
VO,(B) underwent a process similar to route a. The
fragments of VO,(B) shifted along the a-axis and
connected with adjacent ones through originally
dangling oxygen atoms. The redundant oxygen atoms
again were removed by hydrogen molecules to form
the final V,0j5 structure.

Electronic field emission

The electronic field-emission properties of NWs films
as prepared were measured in a vacuum chamber with
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Fig. 6 A semi-log plot of field emission and corresponding
Fowler—Nordheim plots (inset) of (a) V,0s, (b) VO,(R),
(¢) VO,(B), and (d) V,03 NW thin films as prepared,
respectively

electrodes in a parallel-plate configuration, with a
separation of 100 pm between the anodes. Figure 6
reveals the emission current density (J) versus an
applied macroscopic field (E) within the range of
~0-1,100 V of bias voltage at a separation of 100 pm
between the sample and electrode. The turn-on field
(Ey), defined by extracting the interception of the
linear region to the x-axis of a semi-log plot, and the
maximum current density (Ji,.x) are summarized in
Table 2. The unreduced V,Os NW thin film possessed
poor FE properties with E, = 7.65 V/um and
Jmax = 3.68 mA/cm? at field 11 V/pum. The results
revealed that the FE properties were notably improved
when the V,0s5 NWs converted to other reduced
vanadium-oxide NWs. The FE properties improved
effectively with a decreasing oxidation state. Among
these typical products, NWs from the lowest oxidation
state V,03 exhibited the best FE properties of
E = 4.56 V/um and Jo. = 8.36 mA/cm? at field
8.3 V/um. The variability of the turn-on field was
attributed to the variation of phase and chemical
composition.

Table 2 FE properties of product NWs as prepared

E, (V/um) Inax (MA/cm)
V,05 NW 7.65 3.68 at 11 V/um
VO,(R) NW 6.41 4.50 at 11 V/um
VO,(B) NW 5.4 821 at 11 V/um
V,0; NW 4.56 8.36 at 8.3 V/um

To understand the model for the conduction
mechanism from the as synthesized NWs films, a
series of data analyses were carried out to find the best
model for the electron transfer mechanism of NWs
films. The possible current-voltage relations are
obtained from the literature by applying suitable
mathematical relationship of current and voltage to
obtain a straight-line plot (Gonon et al. 1995; May
et al. 1998). These models were evaluated with the
correlation coefficient () of the line plot. The results
of the analyses for each of the VO, films are listed in
Table 3. The results indicate that for V,O5 NWs film,
the Fowler—Nordheim model is the best-fit compare to
the other models. As the V,Os NWs are reduced, the as
synthesized VO,(R), VO,(B), and V,0; NWs exhibit
better fit models for Poole—Frenkel conduction with
overlap of Coulombic potentials, Schottky emission,
and space-charge limited currents (SCLC) models,
respectively. However, the correlation coefficients for
Fowler—-Nordheim model are still among the best for
these NWs films with 7> values of 0.93-0.98. Accord-
ing to these results, we propose a possible mechanism
for these NWs during the field-emission process. For
V,05 NWs films, the electron transfer mechanism is
the tunneling of the electrons through the applied
potential barrier that follow the Fowler—Nordheim
model. For films with reduced VO, NWs, conduction
through the bulk and interfaces may play an important
role in the electron transport. The conduction mech-
anism for reduced form might be a combination of the
Fowler—Nordheim surface ejection and other models.
A Fowler—Nordheim (F-N) plot of (In //E,,) versus
(1/E) appears in the inset of Fig. 6. Further study is
necessary to clarify the detail conduction mechanism
for the reduced VO, NWs.

Table 3 Correlation coefficients (%) of best linear fit for VO,
NWs films with different types of conduction mechanism

ey (@) 3 C)) (&) Q]

V,05 NW 090 099 09 098 082 096
VO,(R)NW 096 097 093 093 091 099
VO,(B)NW 099 093 097 086 092 096
V,0; NW 095 098 099 09 088 091

Note (1) Schottky emission, (2) Fowler—Nordheim, (3) Space-
charge limited currents (SCLC), (4) SCLC with Poole-Frenkel
(PF) effect, (5) Poole—Frenkel conduction, (6) Poole-Frenkel
conduction with overlap of Coulombic potentials (Hill’s law)
(Gonon et al. 1995; May et al. 1998)
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Conclusion

Reduced products in a series, VO,(R), VO,(B), and
V,03, were obtained via controlled reduction. A mild
reduction condition (10 % H,, 12 h) favored the
formation of pure VO,(R), whereas rapid reduction
(pure H,, 2 h) yielded VO,(B). We also demonstrated
the single-crystalline properties of reduced vanadium-
oxide NWs with a specific growth direction. On the
basis of the growth direction of each product, possible
mechanisms of conversion during reduction were
proposed. All VO, NWs as obtained possessed
interesting field-emission properties, which were
influenced by the morphology of the NWs and the
nature of the material. Among these NWs, V,0; NWs
showed the best FE properties with a turn-on field of
4.56 V/um and a maximum current density of
8.36 mA/cm? at applied field of 11.0 V/um. Vana-
dium oxide showed excellent FE properties with a
small turn-on field and large maximum current
density, which would be useful for field-emission
emitters.
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