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ABSTRACT: Bundlelike VO,(B) nanostructures were synthe-
sized via a hydrothermal method, and VO,(M,/R) nanobun-
dles were obtained after a heat-treatment process. Structural
characterization shows that these nanobundles are self-
assembled by VO, nanowires, and VO,(M,/R) nanobundles
have better crystallinity. Temperature-dependent field-emission
(FE) measurement indicates that FE properties of these two
phases of nanobundles can both be improved by increasing the
ambient temperature. Moreover, for the VO, (M, /R) nanobun-
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dles, their FE properties are also strongly dependent on the temperature-induced metal—insulator transitions process. Compared
with poor FE properties found in the insulating phase, FE properties were significantly improved by increasing the temperature, and
about a three-orders-of-magnitude increasing of the emission current density has been observed at a fixed field of 6 V/um. Work
function measurement and density-functional theory calculations indicated that the decrease of work function with temperature is
the main reason that caused the improvement of FE properties. These characteristics make VO,(M,/R) a candidate material for
application of new type of temperature-controlled field emitters, whose emission density can be adjusted by ambient temperature.
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1. INTRODUCTION

One-dimensional (1D) nanostructures such as nanotubes,
nanowires, and nanorods have stimulated much attention for
their potential application in optoelectronic devices because of
their favorable properties. Since the discovery of the excellent
field-emission (FE) properties of carbon nanotubes,"* intensive
research on electron emission of ZnO,> > Sn0,,° In,0;,” CuO,®
TiO,,” MnO,," tungsten oxides,"'* and other metal oxide
nanostructures have been performed because of their potential
application in back-lighting, field-emission display, X-ray source,
and amplifier.

Among various metal oxides nanomaterials, vanadium dioxide
(VO,) nanostructures have attracted great attention because of
their different polymorphs and special optical, electrical, and
magnetic properties. The allotropic phases in VO, system
include VO,(R), VO,(M;), VO,(B), VO,(A)," and recently
reported VO, (C)."* When heated to 340 K, VO,(M, ) will show
a reversible first-order metal—insulator transition (MIT). The
transition is characterized by a structural phase transformation
from high-temperature metallic tetragonal phase (P4,/mnm, R
phase) to low-temperature insulating monoclinic phase (P2,/c,
M, phase)," which corresponds to V*" cations along the rutile ¢
axis, forming homopolar bonds, and undergoing a structural
twist. The resistivity jumps by several orders of magnitude
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through the process of phase transition, and the optical trans-
mittance abruptly decreases in the near-IR region. These proper-
ties of VO, make it a promising material for the applications
in nanoscale devices such as bolometers,'® memristors'’” and
memory metamaterials.'® VO,(B), one of the metallic phases of
vanadium dioxide, is of great interest because of its layered
structure and promising properties in the nanometer regirne.w_22
It is an attractive material for various applications, especially as an
electrode material for lithium batteries.”® VO,(B) exhibits a
maximum reversible capacity of about 320 mA h g~ ' in the
range of 4 to 1 V in lithium cells.”***

Despite these attractive features and many efforts on the
application of VO,, there have been few reports on the FE
properties of VO, nanostructures. Wang and Zhang first re-
ported the electron emission from VO, nanorods; however,
these VO, nanorods synthesized by them are not in B or M;/R
phases but in a new body-centered-cubic structure that has never
been observed before.”> For M,/R phase nanostructures, be-
cause of the drastic resistivity change through MIT and different
work function of these two phases, FE properties should be
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different and strongly dependent on the ambient temperature.
Knowledge of their FE properties is essential for their potential
application in new generation of temperature-controlled electron
emitters. In this work, massive bundlelike VO,(B) nanostruc-
tures were first synthesized, and VO, (M, /R) nanobundles were
then obtained by heating VO,(B) in an inert atmosphere.
Temperature-dependent FE emission properties of both two
types of the nanobundles were investigated, respectively. It is
demonstrated that their FE properties can both be improved by
increasing the ambient temperature. Moreover, FE properties of
VO,(M,/R) nanobundles are also strongly dependent on the
MIT process, and about a three-orders-of-magnitude increasing
of the emission current density has been observed. These
characteristics make VO, a candidate material for new generation
of temperature-controlled field emitters.

2. EXPERIMENTAL METHODS

Synthesis of VO, Nanobundles. VO,(B) nanobundles were
synthesized by a hydrothermal procedure. 0.36 g of commercial V,O5
powder was added to 80 mL oxalic acid (0.1 mol/L) in aqueous solution
to form yellow slurry. The slurry was stirred for 20 min and then
transferred to a 100 mL autoclave with a Teflon linear. The autoclave
was maintained at 180 °C for four days and then air-cooled to room
temperature. The resulting dark blue precipitates (VO,(B)) were
collected and washed with distilled water and ethanol several times
and then dried at 60 °C under vacuum for 10 h. At last, VO,(M,/R)
powders were obtained by heating VO,(B) at 650 °C in an argon
atmosphere for 1 h. In all reactions, the content of the commercial V,05
powder is kept unchanged.

Characterization. The synthesized VO,(B) and VO,(M;/R)
powders were screen-printed on metal copper substrates, and the
obtained B and M, /R phase VO, films were used for characterization.
The morphology and structure of the samples were characterized by
field emission scanning electron microscopy (FESEM, JEOL-JSM-
6700F), X-ray diffraction (XRD, D/MAX 2550 V) with Cu Kat radiation
and transmission electron microscopy (TEM, Philips Tecnai 20U-TWIN).
Differential scanning calorimetry (DSC DSC204F1, NETZSCH) experi-
ments were performed in nitrogen flow in the range from 303 to 358 K with
a heating rate of 1 K/min.

Field-Emission Measurement. For field emission investigation,
the synthesized VO,(B) and VO, (M, /R) nanobundles were painted on
the metal copper substrates by a screen-printing method, respectively.
The copper substrate with nanomaterial (as a cathode) was separated from
a phosphor/indium tin oxide (ITO)/glass anode by two Teflon spacers
with a thickness of 200 um. FE properties were measured with a high
vacuum level of about 5 x 10> Pa at different temperatures using
transparent anode imaging technique. The measured emission area was
1 X 1 cm® In the measurement, the turn-on field is determined as
the field needed to produce a current density of 0.1 #A/cm?, and the
threshold field is the field needed to produce a current density of 1 mA/cm’.

3. RESULTS AND DISCUSSION

Representative SEM images of VO,(B) nanobundles synthe-
sized by hydrothermal method are shown in Figure 1A—C.
Figure 1A shows that the products are composed of a large
quantity of bundle-like nanostructures with lengths of about
40—50 pum. The middle- and high-magnification SEM images
shown in B and C in Figure 1 indicate that these nanobundles
have a diameter of about S—10 #m, and are assembled by a large
quantity of VO, nanowires having the same orientation. Peaks
of the corresponding XRD pattern of these nanobundles

Figure 1. (A) Low-, (B) medium-, and (C) high-magnification SEM
images of VO,(B) nanobundles synthesized by hydrothermal method.
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Figure 2. (A) XRD patterns of obtained VO, samples, B phase (black)
and M, phase (blue). (B) DSC thermal spectra of as-obtained VO,(M )
nanobundles showing a narrow heating—cooling hysteresis and excel-
lent MIT behavior between two thermodynamically stable structures.
Upper inset (left), the low-temperature insulating M, structure. Lower
inset (right), the high-temperature metallic R structure. Large red
spheres, V atoms; small blue spheres, O atoms.

(Figure 24, in black) are indexed to VO,(B) phase (space group:
C,/m) with lattice constants of a = 12.03 A, b = 3.693 A,
c=642 A, and ff = 106.6° (JCPDS 31—1438). Despite some
impurity peaks existing in the XRD pattern, the main peaks of
VO,(B) in the XRD pattern indicate the products are mostly
composed of VO, (B) nanostructures. Among many polymorphs
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Figure 3. (A) Low-magnification TEM image of VO,(B) nanobundles.
(B) TEM image of a single VO,(B) nanowire. (C) HRTEM image for
the square region of panel B marked in red. Regions marked with red
dash circle and red rectangle indicate coexistence of poor crystallization
regions and single-crystal regions. (a) SAED patterns taken at the
position of circle a (red dash circle) on the nanowire. (b) SAED patterns
taken at the position of rectangle b. (D) TEM image of a single VO,(M, )
nanowire. (E) HRTEM image of the region marked with a red rectangle
in panel D. Upper inset, the corresponding SAED pattern indexed using
a [011] zone axis.

of VO,, only rutile-type VO,(M,/R) undergoes first-order
reversible metal—insulator transition between M; phase and R
phase, and is usually synthesized by transforming VO,(B) to
VO,(M;/R) at high temperatures. After heat-transformation,
VO,(M,) phase nanobundles were obtained, and the subsequent
SEM research indicates that the nanostructure is still not
destroyed. The XRD pattern (Figure 24, in blue) indicates that
all diffraction peaks are identical to those of monoclinic VO,-
(M,) (space group: P2;/c) according to JCPDS card 44—0252
with lattice constants of a = 5753 A, b = 4.526 A,
¢ = 5383 A, and 8 = 122.6°. No peaks of any other phases or
impurities were detected in the spectra, revealing the high phase
purity of VO,(M,) products. To the best of our knowledge, this
is the first time that bundlelike VO, nanostructures were
obtained. The reversible transition characteristics between the
M, and R phases were confirmed by differential scanning
calorimetry (DSC) (Figure 2B) measurement, which shows a
narrow heating—cooling hysteresis and an excellent MIT
behavior.

Low-magnification TEM image of VO,(B) nanobundles is
shown in Figure 3A, indicating that these VO, nanowires, which
self-assembled together and formed nanobundles, have nearly
same diameters. Figure 3B presents a TEM image of a single
VO,(B) nanowire, clearly demonstrating that the diameters of
these VO,(B) nanowires are about 30—40 nm. High-resolution
(HR) TEM image in Figure 3C demonstrates that the lattice
spacing is 0.225 nm corresponding to the (312) plane of VO,(B).
Interestingly, it can be seen from Figure 3B that there are a large
number of mottles widely distributed in the VO,(B) nanowire.
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Figure 4. Dependence of the FE current density ] on the applied electric
field strength E of VO,(B) nanobundles for different temperatures.
Inset, the corresponding Fowler—Nordheim (F—N) plots.

Further high-resolution TEM (HRTEM) investigation indicates
that these VO,(B) nanowires have low crystallinity, and these
mottles correspond to poor crystallization regions as marked by
red dashed circle in Figure 3C. The selective area electron
diffraction pattern (SAED) shown in Figure 3a, b was taken
from different areas of a single nanowire. The different SAED
results indicate that the single nanowire has different crystallinity:
the red circle part is poor crystallization region; the red rectangle
part is single-crystal region. Such a result confirmed the coexist-
ing of poor crystallization regions and single crystal regions in the
nanowire. For the VO, (M, ) samples, TEM investigation are also
proceeded, and TEM and HRTEM images of a single VO,(M,)
nanowire are shown in D and E in Figure 3, respectively. In
Figure 3D, it is noted that the mottles disappeared in the
VO,(M,;) nanowire after the heat-transformation. The HRTEM
image of Figure 3E shows that these VO,(M;) nanowires have
high crystallinity, and the disappearance of poor crystallization
regions through the heat-transformation process caused the
disappearance of these mottles. In the HRTEM image, the lattice
spacing is 0.32 nm corresponding to the (011) plane of VO,-
(M;). The SAED pattern (the inset of Figure 3E) indicates that
these nanowires grew along the [100] direction with a zone axis of
[01T]. In the measurement, the diffraction pattern did not change as
the electron beam moved along the nanowire, indicating that the
whole nanowire is a single crystal.

Field-emission properties of VO,(M,) and VO,(B) samples
were measured by the method mentioned at the Experimental
Section. Figure 4 shows the relationship between the emission
current density (J) and the applied electric field (E) for VO,(B)
nanobundles at temperatures of 298, 328, 358, and 383 K,
respectively. The turn-on field decreased from 2.375 V/um (at
298 K) to 0.8 V/um (at 383 K), and the threshold field decreased
from 5.09 V/um (at 298 K) to 3.85 V/um (at 383 K), indicating
that the nanobundles at higher temperature exhibit larger current
densities under the same applied field. The inset of Figure 4 is the
corresponding Fowler-Nordheim (F—N) plots with In(J /E?)
and 1/E. These straight lines indicate that the emitting electrons
mainly resulted from field emission.
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Figure 5. (A) Dependence of the FE current density ] on the applied electric field strength E of VO,(M,/R) nanobundles for different temperatures.
(B) Expanded J—E plot of VO, (M, /R) nanowires at 298 and 343 K respectively. (C) Fowler—Nordheim relation of In(J/E*) — 1/E plots. (D) Electron
emission images of the screen-printed VO,(M,;/R) nanostructures at 298, 337, 343, and 383 K for an applied field 6 V/um, respectively.

Considering the MIT characteristic of VO,(M,/R) nanobun-
dles, their temperature-dependent field emission properties
should be quite different from that of VO,(B) and many other
metal oxides,*** thus we pay more attention to investigate the
temperature dependence of field-emission properties of VO,-
(M,/R) nanobundles. Figure SA shows typical plots of FE
current density versus applied field (J—E) of VO,(M;/R)
nanobundles at different temperature from 298 to 383 K. The
expanded view of the J—E characteristic at 298 and 337 K are
shown in Figure 5B. It is visible that the emission current density
] increases exponentially with the applied field E, and the FE
properties can be obviously improved by increasing the tem-
perature. For the ambient temperature of 298, 337, 343, 363, and
383 K, the turn-on fields clearly decreased with the temperature,
whose values are 4.65, 3.38, 2.45, 2.36, and 2.1 V/um, respec-
tively. In this process, the threshold electric fields also decreased
with temperature. Their values at 343, 363, and 383 K are 4.80,
4.45, and 4.22 V/um respectively. It is also found that the current
density increases obviously with the temperature (Figure SA). At
298 and 337 K, under the applied field of 6 V/um, the film has
weaker emission current density with maximum values of 2.01
and 202 uA/cm’, respectively, as shown in Figure SB. The
maximum emission current density increased significantly when
the temperature was hi§her than 343 K. Their values are 3.19,
3.97, and 5.51 mA/cm”, corresponding to the temperature of
343, 363, and 383 K respectively. Figure SD shows the real-time
emission images of the VO,(M;/R) samples at 298, 337, 343,
and 383 K, respectively, recorded by CCD camera and tested at
the applied field of 6 V/um. It can be seen clearly that the
emitting intensity increases with the temperature increasing from

298 to 383 K. At 298 and 337 K, in the insulating (M, ) phase, few
emitting spots were observed and the brightness is very low
because the threshold fields of the VO, (M, ) nanobundle emitter
are larger than 6 V/um at both temperatures. At 343 and 383 K,
in the metallic (R) phase, the number of emission spots increased
significantly and the emission spots density is estimated to be
about 1 x 10° and 1 x 10* cm™? respectively. Here, the
emission current may come from both field emission and
thermionic emission. However, the thermionic emission current
should be very weak.® Therefore we believe that this phenom-
enon may be strongly related to the properties of VO, MIT
process, and it should be the work function change in the MIT
process of VO,(M;/R) that caused the observed dramatic
increase in emission current density.

To confirm the interpretation that it was the work function
change in the MIT process that caused the improvement of field
emission, the temperature dependent work function of these
VO,(M;/R) nanobundles was investigated by UPS analysis.
Figure 6 shows the corresponding UPS spectra at different
temperature, which were obtained by a Shimadzu Axis Ultra
electron spectrometer using He (I) ultraviolet light (21.22 eV) as
the excitation source. It can be seen clearly from Figure 6 that the
work function decreases when the temperature increases. Their
values at 298 and 353 K are ~4.10 and ~3.65 eV, as shown in the
inset of Figure 6, corresponding to M; phase and R phase,
respectively. For M, phase, from 298 to 333 K, as can be seen
from the inset of Figure 6, the decrease of the work function is
about 0.07 eV. For R phase, about a 0.02 eV decrease in the work
function was observed from 343 to 383 K. In the near region of
340 K, the MIT process will happen, and the work function
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Figure 6. Temperature-dependent UPS spectra of the VO,(M,/R)
nanobundles. Inset shows an expanded view for the region marked in
dotted eclipse.

decrease of ~0.4 eV (from 333 to 343 K) was observed from
Figure 6. Therefore, the work function decrease will cause the
improvement of FE properties of VO,(M;/R) nanobundles.

The Fowler—Nordheim (F—N) plots are shown in Figure SC.
These straight lines indicate that the emitting electrons are
mainly resulted from field emission. The behavior of the emission
current versus the applied voltage was analyzed using the
Fowler—Nordheim equation

21 3/2
=4l :m(Bf;E ) g

where A=1.54 x 10 *AeVV >, B=683 x 10°eV *>Vm ',
P is the field enhancement factor, and ¢ is the work function of
the emitter material. Here, the work function of M; and R phase
VO, nanobundles were ~4.10 and ~3.65 eV, respectively.
Therefore, the estimated field enhancement factors lie in the
range 1020—1400, indicating large field-enhancement factors of
synthesized VO,(M,/R) nanobundles.

To explain the influence of the temperature on work function
changes of VO,(M,/R), we studied electrons’ density of states
(DOS) of monoclinic and tetragonal phases under several
different temperatures through first-principles theory calcula-
tions. The calculations are performed at the level of density
functional theory (DFT), using the PW91 generalized gradient
approximation (GGA) and the projector augmented wave
(PAW) method, as implemented in the Vienna ab initio simula-
tion package (VASP). In our calculation, U = 4.2 eV and ] = 0.8
eV were used to describe the electron exchange-correlation
interaction,”>* and the obtained DOS were shown in Figure 7.
In the insulating phase, the dimerization and the off-axis zigzag
displacement of V—V pairs lead to a band splitting with the
formation of a Peierls-like gap at the Fermi level.”” The band gap
is thus determined by the localized charge variation, which
depends on changes in V—V pair twist and varies sensitively
with the separation of V—V pairs along the ¢ axis. When the
temperature increases to around 340 K, the MIT process
happens, VO, transforms from monoclinic structure to tetra-
gonal structure, therefore the gap will become narrower
(Figure 7A). In our calculations, the obtained band gap at 298 K
is about 0.58 eV, a§reeing with optical data and previous
calculation results,”®*?” and its value decreased to 0.46 eV when

10} 298 K |——tDOS
sk o | PDOS(V) A
L ---- PDOS(0)
61 M4 phase
— 4}
® 2f
= 3
hai
n10 |
o 3
o 8
6
4
2
o X Y s e SR E ~/"_ N
-1.0 -0.5 0.0 0.5 1.0
@ (eV)
— 343K B
- - 363K
---- 383K
. R phase
>
2
: 008 0.04 0.02 000 002 0.04 40.06
»n 8
8 ef
4+
2k
D L 1 1 i

0.4 0.2 0.0 0.2 0.4
o (eV)

Figure 7. DOS of the VO,(M, /R) at (A) 298 and 337 K, and (B) 343,
363, and 383 K calculated using the density-functional theory method.
Inset shows an expanded view for DOS of R phase.

the temperature increases to 337 K, as shown in Figure 7A. The
decrease of the gap value (0.12 eV) must lead to the decrease of
the work function, and thus cause the significant improvement of
the FE properties of VO,(M,). Our calculation results show
good agreement with the work function measurement that a
~0.07 eV decrease (Figure 6) of the work function was observed
from 298 to 333 K, and it can be confirmed by the FE
measurement (Figure SB) that the maximum current density at
337 K is about 100 times of that at 298 K. And these DOS
calculation results are also consistent with the recent report of
Ya0.2* When the temperature increased to 343 K, the MIT
process was completed, VO, nanomaterials were in tetragonal
phase, therefore the disappearance of the gap and the drastic
increase of the conductivity caused the further decrease of work
function (Figure 6) and caused significant improvement of the
FE properties (Figure SA). In the metallic phase, with the
temperature increasing higher, the maximum current density of
VO,(R) kept on increasing, but at a lower rate. This phenom-
enon is mainly due to the work function decrease caused by the
upward shift of Fermi level with temperature increasing. In the
inset of Figure 7(B), the DOS of VO,(R) clearly indicates a tiny
upward shift (about 1.6 meV) of the Fermi level with the
temperature increasing from 343 to 383 K. Moreover, the
upward shift of Fermi level in metallic phase is far less than the
change of gap in insulating phase. Thus, the work function
decrease of VO,(R) is far less than that of VO,(M,), which
were confirmed by the work function measurement in Figure 6,
and should be the reason why the temperature has a more strong
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influence on the FE properties for VO,(M,) phase than for
VO,(R) phase, as shown in Figure S.

4. CONCLUSIONS

In summary, bundlelike B phase VO, nanomaterials have been
synthesized by hydrothermal procedure, and M, /R phase VO,
nanobundles were obtained through heat-transformation from
VO,(B). Structural characterization indicated that these VO,
nanobundles are assembled by a large number of nanowires, and
VO,(M;/R) nanobundles have better crystallinity after heat-
transformation. Their temperature-dependent FE measurement
indicated that FE properties of these two phases of nanobundles
can both be improved by increasing the ambient temperature.
Moreover, for the VO,(M, /R) nanobundles, their FE properties
are also strongly dependent on the MIT process, and about a
three-orders-of-magnitude increasing of the emission current
density has been observed in this process at an applied field of
6 V/um. These characteristics make VO,(M;/R) a promising
material for new type of temperature-controlled field emitters
whose emission density can be adjusted by ambient temperature
rather than applied field.
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