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Abstract A method to prepare well-aligned
B-Nag 24V,05 nanowires (NWs) involves the deposi-
tion of a vanadium oxide complex onto a substrate via
gaseous transport, followed by a reaction between the
complex and a sodium cation (Na™) precursor coated
on the substrate. Techniques to investigate the com-
position, crystallinity, and morphology of products as
prepared include ICP-AES, X-ray powder diffraction
(PXRD), SEM/transmission electron microscope
(TEM), and XPS. PXRD patterns and images from a
TEM confirm the single-crystalline nature of
f-Nag,4V,05 NWs, which grow along direction [1 0 0].
Factors affecting the amount of deposited material and
morphology were tested. On varying the reaction
conditions, the length of the f-Nag,4V,05 wires is
controlled in a range of 5-25 pm. A mechanism of
formation is proposed. According to measurements of
field emission, the turn-on field is 7.8 V/um, and the
maximum emission current density of 4.66 mA/cm?
occurs at field 11 V/um. This method is applicable to
grow other tertiary metal oxide nanostructures on
glass substrate.
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Introduction

One-dimensional (1D) nanomaterials are of great
technological importance. In particular, metal oxide
with 1D nanostructures in belt, rod, wire, and nanotube
forms have been developed for their specific physical
properties and prospective applications as catalysts and
in photoelectronic, sensor, cell, and thermoelectric
devices (Jiang et al. 2006; 2011; Wei and Natelson
2011; Zhai et al. 201 1; Ramgir et al. 2010; Wang 2008;
Liu et al. 2007; 2008; Sanmathi et al. 2010; Li et al.
2007; 2009, 2010; Fan et al. 2009; Zhang et al. 2006;
Wang and Cao 2006, 2007; Nayak et al. 2008; Wang
et al. 2008, 2010; Santangelo et al. 2010). Of these
materials, the 1D nanostructure of vanadium oxide and
its derivative compounds have diverse practical appli-
cations in chemical sensors (Isabelle et al. 2005; Liu
et al. 2005; Grigorieva et al. 2010; Bakhteeva et al.
2010), electrochromic devices (Xiong et al. 2008b),
ultrafast optical switchers (Ji et al. 2010), and electrodes
for rechargeable lithium batteries (Jiao et al. 2006) for
their unique structural features. Various protocols to
synthesize the 1D nanostructure of vanadium oxide,
vanadium bronzes, and intercalated vanadate have been
published (Zhou et al. 2005; An et al. 2010; Perlstein
1968; Galy 1992; Xiong et al. 2008a; Velazquez and
Banerjee 2009; Velazquez et al. 2009).

As a member of the vanadium oxide derivative
compounds, f-Na,V,0s (x = 0.23-0.41) has attracted
much interest for its novel physical, magnetic, and
superconductive properties under critical conditions
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(Yamada and Ueda 1999; Itoh et al. 2001). -Na,V,Os
possesses a rigid 3D network that differs from the layer-
type structure of V,0s. Na™ ions are located inside the
tunnels of the V-O frame, resulting in mixed-valence
states V>T(d°%) and V**(d"). This particular feature is
expected to improve the properties of ion and electronic
transport, as well as charge storage for applications in
super capacitor or cathode material in a lithium battery
(Liu et al. 2009; Khoo et al. 2010; Xu et al. 2011).
B-Na, V,0s5 1D nanostructures have been synthesized by
chemical vapor deposition (CVD) and hydrothermal
routes (Zhou et al. 2005; Liu et al. 2009; Khoo et al. 2010;
Sahana and Shivashankar 2003). Nanowires (NWs) of
Na;, V305 and f5-Na,V,05 have been grown on glass
substrates (Sahana and Shivashankar 2003; Xu et al.
2005); the source of Na' ions was the substrate from
which they diffused into the vanadium oxide precursor.

We developed a facile method to control the growth
of nearly aligned MoO3; and V,05 NWs on various
substrates (Wu and Lee 2009a, b). The formation of
V,05 NWs was affected by the polyvanadate species,
VO,, and the reaction temperature; this synthesis
might allow for the growth of new metal oxides with a
1D nanostructure. We assumed that the polyvanadate
species was highly active and tended to react with a
target species on the surface during deposition. On the
basis of this concept, we deposited bronze vanadium
oxide f-Nag,4V,0s NWs as a ternary phase on a
substrate via a procedure that was modified with an
additional treatment of the surface of the substrate.
The source of the Na* was sodium silicate that was
first coated on the substrate; the amount of precursor
was carefully controlled. Several parameters, includ-
ing reaction temperature and the concentrations of
reactants, were found to play important roles in
controlling the morphology of the final products.
From measurements of the field emission, the results
showed small actuation voltages and a large current
density of -Nag,4V,0s NW arrays; these properties
would be useful in optoelectronic nanodevices

Experiments
Synthesis
Thin films of f-Nag,4V,05 NW were grown on a

substrate in a two-step synthesis comprising a sub-
strate treatment and thermal evaporation.
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Substrate treatment

Sodium metasilicate solutions (Nat solution) were
prepared by dissolving sodium metasilicate
(Na,Si03-9H,0) in deionized water with concentra-
tions ranging from 0.0125 to 0.05 M. Before the
coating treatment, a sodium-free glass substrate
(2 x 1 cm) was first cleaned with ethanol and deion-
ized water; the solution (0.2 mL) as prepared was then
dropped onto the substrate, followed by drying
overnight at 40 °C to form a thin film of sodium
metasilicate salt on the glass.

Thermal evaporation

To prepare the solution for each precursor, fine V,05
powder (0.1 g, 0.55 mmol) and NH,OH-HCl,q, 3 M,
2 mL) were mixed thoroughly in a glass vial with
magnetic stirrer at 50 °C. The concentration of the
precursor solution ranged from 0.15 to 0.45 M with
V,05 and NH,OH-HCI in a fixed ratio. The mixture
eventually turned from orange to blue, indicating the
reduction of V,0s to species with low oxidation state
of vanadium. A glass substrate as prepared was then
placed on the top of the vial, and this installation was
transferred into a furnace. The temperature was raised
to 300—400 °C at a constant rate of 100 °C/h and held
there for 1 h. Well-aligned f-Nag,,V,05 NWs were
then found on the lower side of the glass substrate.

Characterization

The thin film products as prepared were characterized
with several analytical techniques. The purity and
crystallinity of the as-prepared products was examined
by powder X-ray diffraction (XRD, Bruker AXS D8
Advance, Leipzig Germany, operated at 40 kV and
40 mA with Cu-Ko radiation at 4 = 1.54060 A). Cell
parameters were refined with the program CELREF
(B. Laugier). The chemical composition of the
p-Nag-4V-05 NWs was determined with an induc-
tively coupled plasma-atomic emission spectrometer
(ICP-AES, Jarrell-AshICAP 9000). The crystal mor-
phology and dimensions of the NWs were determined
from the micrograph analyses with a scanning electron
microscope (SEM, Hitachi, S-4700I, operated at
15kV) and a transmission electron microscope
(TEM, JEOL, JEM-3000F, operated at 200 kV). To
prepare the sample for the TEM experiment, we
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scraped the f-Nag,4V->0s5 NWs from the glass and
dispersed in ethanol by ultrasonic treatment for 5 min.
The resulting solution was then dropped onto a copper
grid (carbon-coated, 100 mesh), and dried in air to
spread the NWs on the carbon film. For the analysis
with X-ray photoelectron spectra (XPS, PHI Quantera
SXM spectrometer), the binding energy was calibrated
with the C-1s line at 284.4 eV. Diffuse reflectance
spectra were measured near 25 °C with a UV—Visible
spectrophotometer (Hitachi/U-3010) and an integrat-
ing sphere over a range 400-800 nm. To measure the
field emission, we placed the f;-Nag 24 V,Os thin films
in a vacuum chamber (pressure less than 5 x 10~° Pa,
near 295 K). The distance from the sample to the
electrode was adjusted to 100 um; the current—voltage
characteristics were recorded with a high-voltage
source meter (Keithley 2410).

Results and discussion
Synthesis and characterization

The crystal structure, morphology, and composition of
the Na,V,0sNWs were characterized by powder
XRD, scanning electron microscopy (SEM), TEM,
inductively coupled plasma-atomic emission spec-
trometer (ICP-AES), and X-ray photoelectron spec-
troscopy (XPS). Figure 1 shows XRD patterns of the
products, synthesized at various temperatures, depos-
ited on a glass substrate. The patterns were indexed on
the basis of a monoclinic unit cell with refined lattice
parameters a = 1540 (3) A, b=3.612 (3)A,
c=10.0503) A, and B = 109.5°(2), which were near
the XRD patterns calculated for Nag 76V¢O15 (JCPDS
number: 75-1653, space group: C2/m, No. 12). As
shown in Fig. 1, a sample synthesized at a temperature
of 300 °C exhibited a broad XRD signal. The reaction
temperature also affected the intensity of the Bragg
lines. For a sample prepared at 400 °C, a sharp XRD
signal with a large ratio of signal to noise was
observed. The strongest Bragg feature set was located
at (1 1 —1), whereas the samples prepared at a
temperature at 300 and 350 °C exhibited a maximum
diffractions of (00 —1) and (1 1 —1), respectively. The
results indicated that the as-deposited NWs synthe-
sized at 400 °C exhibited preferential geometrical
orientation with a (I 1 —1) facet. No obvious
preferential orientation was observed for samples
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Fig. 1 Calculated XRD pattern and XRD profiles of a typical
product synthesized at temperatures (a) 300 °C, (b) 350 °C, and
(c) 400 °C

synthesized at a lower temperature. According to these
results, we speculated that the NWs observed at
T < 400 °C were randomly oriented on the substrate
without preferential orientation. This assumption is
demonstrated by a cross-sectional view of SEM
images in a subsequent section that shows pseudo-
aligned single crystal NWs. The chemical composition
of a typical product, examined with ICP-AES, showed
an atomic ratio of Na/V ~ 0.12. Combination with
the XRD results indicated that the NWs deposited on
the substrate via thermal evaporation consisted of
fB-phase Nag-4V,0s.

The size and morphology of f-Nag,4V>05 NWs
synthesized at 400 °C were examined with SEM and
TEM, as shown in Fig. 2. The f§-Nag,4V,05 product
clearly contained long and uniform NWs of an average
length of 35 um. The side view, as shown in the inset
of Fig. 2a, revealed nearly vertically aligned
f-Nag24V,05 NWs on the substrate. The TEM image
showed a single NW with a width estimated to be
80—-100 nm. The electron-diffraction (SAED) pattern
of a selected area of a single wire recorded from the

[-1 3 1] zone axis revealed sharp and clean
diffraction spots, indicative of a single-crystalline
property (inset of Fig.2b). A HR-TEM image
recorded from the [—1 3 1] zone axis indicated lattice
fringes at 3.48 and 2.93 A, corresponding, respec-
tively, to crystal planes (2 0 2) and (1 1 —2) of
p-Nag,4V,0s. The preferred growth direction is
perpendicular to the a-axis, as deduced from angle
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Fig. 2 a Top view SEM image of ;-Nag »4V,0s5 thin film and side view in inset; b TEM (left), SAED (right top), and HR-TEM (right
bottom) images of /-Nag,4V205s NWs as obtained. The sample was synthesized at 400 °C

155° between the a-axis and the normal vector of plane
(1 1 —2), consistent with preceding work (Liu et al.
2009; Yu and Yu 2007).

XPS provided information about the oxidation
states in f}-Nag,4V,05 NWs. As shown in Fig. 3a,
the spectrum demonstrated the presence of elements
Na, V, and O. The spectrum for the V-2p region
(Fig. 3b) showed binding energies (BE) of V 2ps),
(516.15 eV) and V 2p,,, (523.71 eV). The line in the
V 2ps,, spectrum exhibited a shoulder, indicative of
mixed oxidation states of vanadium ion. According to
peak modeling, the V 2p;3, spectrum contained two
contributions at 516.9 and 515.4 eV, corresponding to
V>* and V** ions, respectively; similar results have
been found for other ternary vanadium oxide bronze
compounds. (Liu et al. 2006; Souza et al. 2007).

Effect of reaction conditions

The effect of reaction temperature, concentration of
precursor solution, and amount of sodium metasilicate
to coverage density and length of -Nag ,,V,05 NWs
were studied. We tested several conditions to under-
stand the parameters that affected the growth of
B-Nag-4V,05 NWs; the results are summarized in
Table 1 and Figs. 4, 5, 6. Figure 4a, b, ¢ shows the
effect of temperature on f5-Nag,4V,05 NWs at 300,
350, and 400 °C, respectively. The average length of
NWs increased with increases in the reaction
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temperature; the film with NWs of the greatest average
length was obtained at 400 °C, which was similar to
our preceding work on V,05 and MoO; wires (Wu and
Lee 2009a, b). The coverage density of NWs increased
with increasing temperature, indicating that the tem-
perature of deposition affected the amount of
B-Nag»4V-,0s5 nanocrystals created on the substrate.
The space of NW growth became limited when the
coverage density of NWs was large, resulting in the
growth direction of NWs being nearly perpendicular
to the surface, from lack of space for growth along the
horizontal orientation. According to powder XRD
study, the f-Nag,4V,05 NWs films showed preferred
geometrical orientation along the (1 1 —1) plane. For a
substrate with a small coverage density of NWs, we
observed randomly oriented NWs lying on the
substrate due to a scattered distribution of NWs that
collapsed after the reaction. These results indicated
that the length and amount of -Nag ,4V,05 NWs were
controllable through the reaction temperature. The
substrates with NWs in a preferred geometrical
orientation were observed for samples synthesized at
temperatures greater than 350 °C.

The concentrations of the precursor solution and the
Na solution were two additional factors that possibly
affected the yield and morphology of the final product.
For comparison, we undertook experiments with
solutions of the precursor or sodium metasilicate at
varied concentrations to synthesize [-Nag,4V,05
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Fig. 3 a Overall XPS spectrum and b highly magnified XPS
spectrum for the V-2p region of /-Nag4V>0s NWs

Table 1 Reaction conditions and morphology properties of
p-Nay24V>05 NW identified with a SEM

[Na,SiO3] [Precursor] Reaction Average length
M) M) temperature of NWs (um)
°C)

1 0.05 0.3 300 15 (3)

2 0.05 0.3 350 20 (4)

3 0.05 0.3 400 26 (4)

4 0.05 0.45 400 37 (5)

5 0.05 0.15 400 72)

6 0.025 0.3 400 15 (4)

7 0.0125 0.3 400 13 (3)

NWs while maintaining other synthetic parameters
constant. Figures 5 and 6 show NWs in side views on
substrates with varied amounts of precursor and
sodium metasilicate. In general, the Na/V ratio of all
reactions yielded 5-Nag,4V,05 NWs in a wire shape
that was essentially independent of the reaction

temperature. Regarding the effect of the vanadium
precursor, the average lengths of $-Nag,4V,05 NWs
were 5.5, 23.1, and 30.5 pm for concentrations of
0.15, 0.3, and 0.45 M, respectively. As for the
reactions with sodium metasilicate in controlled
proportions, the average lengths of NWs were 12.2,
15.7,and 23.1 um for concentrations of 0.0125, 0.025,
and 0.05 M, respectively. These results indicated that
coverage density and length of NWs were dictated by
availability of sodium metasilicate and VO, from
precursor; the more precursor provided, the longer the
grown f-Nag,4V,05 NWs.

To investigate the mechanism of formation of NWs
as prepared, we analyzed their evolution with XRD.
The reactions at a fixed temperature of 300 °C were
terminated at reaction durations of 15, 30, and 45 min.
The products were collected for XRD measurements,
and the results appear in Fig. 7. For the reaction
terminated at 15 min, the XRD diffraction features
were indexed on the basis of the layered phase
V,05-xH,0, consistent with preceding work (Liu
et al. 2005; Dong et al. 2008, 2009; Ard et al. 2011).
For the reaction ceased at 30 min, the product
contained mixtures of NaVO; and f-Nag,4V,0s,
whereas the product obtained from reaction duration
of 45 min was identified as ;-Nag,4V,Os in a pure
single phase.

On the basis of the above experimental observa-
tions, a growth model is proposed and illustrated in
Scheme 1. The growth of f-Nag,4V,05 nanostruc-
tures proceeds through a gas phase and the process is a
catalyst-free method to grow quasi-aligned
p-Nag »4V>05 NWs. The mechanism is different from
those of vapor—solid (VS) and vapor-liquid—solid
(VLS) ones for CVD methods (Wang 2008; Comini
et al. 2009; Kolasinski 2006; Dai et al. 2003; Wagner
and Ellis 1964). In the initial stage of reaction,
polyvanadate species (VO,) were created during the
thermal evaporation process and deposited on a
sodium metasilicate-coated substrate through vapor
transport (Wu and Lee 2009b). The polyvanadate
species (VO,) is considered to comprise mixtures of
partially reduced vanadium oxide in amorphous and
crystalline phases. Subsequently, the VO, fragments
are delivered to the substrate and V,05-xH,O nucle-
ates. The deliveries of the VO, via vapor phase at a
given temperature determine the abundance and
length of NWs on the surface. The interaction of
V,05-xH,O with sodium metasilicate leads to the
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Fig. 5 Side-view images of /-Nag,4V,0s5 NW thin films as prepared, synthesized with precursor solution concentrations of a 0.15 M,
b 0.30 M, and ¢ 0.45 M

formation of NaVOj; phase. In the next stage, VO, and During the crystal growth process, high coverage
V,05-xH,0 continuously interact with sodium meta- density of NWs are packed densely that affect the
silicate to form NaVOs;, as soon as sufficient reactants NWs to grow on surface along the direction nearly
available, nucleation of f-Nag,4V,0s nanoparticle perpendicular to the surface of glass substrate,
start to form on the surface of glass substrate (Yamada whereas low coverage density of NWs are packed
and Ueda 1999). loosely to form randomly oriented NWs. The reaction
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Fig. 6 Side-view images of f-Nag4V,0s NW thin films as-prepared, synthesized with Na solution concentrations of a 0.125 M,

b 0.025 M, and ¢ 0.05 M

Na,V,05(s)
+ . . NaVO, (x)
* *%e C
)
i“; *
% o & xe ¥ ‘*0*".‘* x b
s[s
£ V,05-xH,0
= o
2 £ a
20 40 60
20(deg.)

Fig. 7 XRD pattern of a typical intermediate product synthe-
sized during (@) 15 min, (b) 30 min, and (¢) 45 min

for NaVO; and V,05-xH,O would be the interfaces
between the root regions of f-Nag,4V,05 NWs and
sodium metasilicate on the surface of substrate. The
structure of 5-Nag »4V,05 contains the 3D structure of
V-0 network. The numbers of V-O contacts on bc
plane are significantly larger than that of V-O contacts
along a-axis. Therefore, the preferred growth direction
could be a direction on the bc plane, and the TEM
study indicates a growth direction perpendicular to the
a-axis. The crystal growth might be affected by the
stacking of VO, and the nature of -Nag4V>0Os.

Na'Na'Na Na

VO, vapor
transport

B -N auz-tvz 05

Q VO, Octahedron
C ~NH; and H,0 vapor

Scheme 1 Schematic illustration of reaction mechanism to
deposit i-Nag»4V205 NWs on the surface of a substrate

Physical properties
To deduce the intrinsic optical properties of the

B-Nag24V,0s NWs aligned on a glass substrate, we
measured the optical absorption. Figure 8 shows the
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Fig. 8 UV-Visible absorption spectrum and a plot of (a/hv)?
versus incident photon energy hv (inset) for the f-Nag4V,0s5
thin film as prepared

UV-Visible absorption spectrum of f-Nag,4V,05
thin film, which exhibited an onset of absorption near
500 nm. The optical band gap (E,) for a typical
product is calculated from the absorption coefficient,
o, according to the relation oahv = A(hv — Eg)” 2 (A:
constant, hv: energy of incident photon) (Han et al.
2011; Saipriya et al. 2011). The inset of Fig. 8 shows
the plot of (chv)? versus photon energy hv. The band
gap of 2.18 eV was obtained on extrapolating the
linear part of the graph to ahv = 0, which was less
than for V,05 NW, 2.48 eV (Wu and Lee 2009b).
The films as prepared with nearly aligned
p-Nag,4V,05 NWs exhibited an interesting field
emission effect, which we measured with electrodes
in a parallel-plate configuration and separation of
100 pm between the anode and an emitting surface
near 295 K of area 0.785 mm?. Figure 9 depicts the
emission current density (J) versus the applied mac-
roscopic field (E) for a bias voltage in a range
0-1,100 V between the anode and samples. The turn-
on field (E,,), defined as the macroscopic field required
to produce a current density of 10 pA/cm?, was
~7.8 V/um. The FE current density attained 4.66 pA/
cm? when the applied field increased to 11 V/um. The
FE properties between thin films of -Nag,4V,05 and
V5,05 NWs are summarized in Table 2. Our value of
the turn-on field was less than that of the results
reported for vanadium oxide NWs (Wu and Lee
2009b). The variation of the turn-on fields was
attributed to the crystal structure and chemical com-
position. A Fowler—Nordheim (F-N) plot of (Inl/E?)
versus (1/E) appears in the inset of Fig. 9; a linear
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Fig. 9 Field-emission current density as a function of electric
field applied to -Nag24V,0s NW thin film as prepared. The
inset shows its corresponding F-N plot

Table 2 Comparison of FE properties between product as
prepared and V,0s NWs

Eo (Vum™) Inax (MA cm ™)
V,05 NW 8.3 1.8 at 18 V um
B-Nag,4V,05 NW 7.8 4.66 at 11 V pm

relation indicated that the field emission from the film
of f-Nay,4V,05 NWs conformed to the F-N theory,
and that the emitted current was caused by quantum
tunneling at the surface (Tang et al. 2005).

Conclusion

We fabricated nearly aligned single crystal form of
p-Nagy-4V-05 NWs via a simple, economical, mild,
and template-free method involving thermal evapora-
tion. The diameter of the NWs, which grew along
direction [1 0 0], but tilted from the surface of the glass
substrate, was 80—100 nm; their average length was
tens of micrometers. We have proposed a mechanism
of crystal growth, and demonstrated that reaction
temperature and precursor concentration were found
to have a pronounced effect on distribution and length
of f-Naj-4V>05 NWs. The NWs as obtained exhib-
ited satisfactory properties of field emission with a
turn-on field of 7.8 V/um and a maximum current
density of 4.66 mA/cm? at an applied field of 11.0 V/um
with a linear F-N property, which might serve as a
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field-emission emitter. These results have provided a
new strategy to synthesize ternary inorganic NWs with
greater flexibility in controlling the size, shape, and
coverage density of NWs on various substrates. This
unique synthetic route is expected to be applicable to
other aligned vanadium oxide bronze NWs, such as
M,V,05 (M = K, Cu, Ag).
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