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Abstract

V30;-H,0 and VO,(B) nanobelts were successfully synthesized by a one-pot hydrothermal approach using peroxovanadium (V)
complexes, ethanol and water as the starting materials. Some parameters, such as the ratio of ethanol/water, the reaction temperature
and the reaction time, were briefly discussed to reveal the formation of vanadium oxides nanobelts. It was found that the ethanol was
oxidized to aldehyde confirmed by the silver mirror reaction and gas chromatography. V3;0;-H,O and VO,(B) nanobelts could be
selectively synthesized by controlling the quantity of ethanol. The possible formation mechanism of the synthesis of vanadium oxides
nanobelts was proposed. The electrochemical properties of V;0;-H,0 and VO,(B) nanobelts were studied, and they exhibited a high
initial discharge capacity of 350 mAh/g and 190 mAh/g, respectively. VO,(M) nanobelts were prepared by the irreversible
transformation of VO,(B) nanobelts at 700 °C for 2 h under the inert atmosphere. The phase transition properties of VO,(M)
nanobelts were investigated by DSC and variable-temperature IR, which revealed that the as-obtained VO,(M) nanobelts could be

applied to the optical switching devices.

Crown Copyright © 2012 Published by Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

In the past decades, nano-structured materials have been
at the forefront of applied research because of their unique
physical and chemical properties, which are different from
their bulk materials [1-5]. One of the most dynamic
research areas is the synthesis of one-dimensional (1D)
nanostructures, such as nanobelts, nanowires, nanotubes,
nanorods, etc. Nanobelts, as a class of 1D nanostructures
with a rectangular cross section, have been the subject of
intensive research due to their novel chemical and physical
properties, which make them have a wide range of
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potential applications in fabricating nanoscale optical,
electronic, optoelectronic, electrochemical, and electrome-
chanical devices [4-9]. Moreover, hydrothermal synthesis
is an effective method to fabricate 1D nanomaterials not
only because of its critical temperature and pressure, but
also the low cost, large scale, and wide suitability for
various materials [10,11].

Vanadium oxides and their derived compounds have
attracted increasing attention in recent years [12-22],
because of their extensive applications in catalysts, cathode
materials for reversible lithium-ion batteries, gas sensors,
electrochemical and optical devices, intelligent thermo-
chromic windows, etc. Among them, vanadium oxide
hydrate V307-H,O has stimulated great interest because
it can be used as the cathode materials in lithium-ion
batteries [20,23,24]. Therefore, a variety of methods, such
as template method [25], surfactant-assisted approach [26],
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and hydrothermal/solvothermal synthesis [20,23,24,27,28],
have been developed to prepare V3;05-H,O nanostruc-
tures. However, most of these synthetic methods of
fabricating V30;-H,O nanostructures are either based
on templates, surfactants and using some reagents which
are not environmentally friendly or through a complex and
lengthy route. Moreover, the preparation of V;0;-H,O
1D nanomaterials still remains a great challenge for
materials scientists. To the best of our knowledge, the
simply direct hydrothermal synthesis of V305 - H,O nano-
belts using peroxovanadium (V) complex compound has
been rarely reported before. As the family of vanadium
oxides, vanadium dioxide VO,(B) has received much
attention in the past decades, because VO,(B) is usually
as the precursor to be transformed to VO,(R/M) [29] and
also as the promising cathode materials in lithium-ion
batteries [14,30-33]. Thus, a lot of techniques of preparing
VO,(B) with different morphologies have been reported
[31-36]. However, the synthesis of VO,(B) nanobelts using
peroxovanadium (V) complex compound has not been
reported. Moreover, as far as we know, few literatures
focused on the synthesis of V;0;-H,O and VO,(B)
nanobelts in a single system by a facile one-pot hydro-
thermal method have been reported.

In this paper, we reported a low-cost and simple
approach for the preparation of V307-H,0O and VOy(B)
nanobelts by a facile one-pot hydrothermal method using
peroxovanadium (V) complexes and ethanol as the reduc-
tant. Some parameters, such as the ratio of ethanol/water,
the reaction temperature and the reaction time, were
briefly discussed to reveal the formation of vanadium
oxides nanobelts. The possible formation mechanism of
the synthesis of vanadium oxides nanobelts was proposed.
The electrochemical properties of V305 H>O and VO4(B)
nanobelts were studied, and they exhibited a high initial
discharge capacity of 350 mAh/g and 190 mAh/g, respec-
tively. Furthermore, VO,(M) nanobelts were prepared by
the irreversible transformation of VO,(B) nanobelts at
700 °C for 2h under the inert atmosphere. The phase
transition properties of VO,(M) nanobelts were investi-
gated by DSC and variable-temperature IR, which
revealed that the as-obtained VO,(M) nanobelts could be
applied to the optical switching devices.

2. Experimental section
2.1. Materials

Vanadium pentoxide (V,Os), ethanol, and hydrogen
peroxide (H,O,, 30 wt %) with analytical grade were
purchased from Sinopharm Chemical Reagent Co., Ltd.
and used without any further purification.

2.2. Synthesis of V;0,- H,O and VO,(B) nanobelts

In a typical synthesis route of V305-H,O nanobelts,
5 mmol (0.91 g) of bulk V,05 was dispersed in 22.9 mL of

redistilled water with magnetic stirring. Then, 6.80 g of
10 wt% H,O, was added into the solution and 0.1 mL of
absolute ethanol was injected into above system. The
solution was still stirred for 1h at room temperature to
get good homogeneity. After mixing, the mixture was
transferred into a 40 mL Teflon Lined stainless steel
autoclave, then sealed and maintained at 180 °C for 12 h.
When the reaction was finished, the blue—green precipitates
were filtered off, washed with distilled water and anhy-
drous alcohol several times, respectively, and dried in
vacuum at 75 °C for future characterization and applica-
tion. For the synthesis of VO,(B) nanobelts, 21 mL of
redistilled water and 2 mL of absolute ethanol were used
and the other procedures were similar with the synthesis of
V307 - H,O nanobelts.

2.3. Synthesis of VO,( M) nanobelts

To synthesize VO,(M) nanobelts, the above VO,(B)
nanobelts was heated in a tube furnace with 5 °C/min
heating rate under a flow of Ar (99.999%) gas at 700 °C
for 2 h, and cooled to room temperature in the Ar flow to
prevent oxidation of VO,(M).

2.4. Characterization

X-ray powder diffraction (XRD) measurements were
carried out on a D8 X-ray diffractometer equipment with
Cu Ku radiation, 2=1.54060 A. X-ray photoelectron spec-
tra (XPS) was obtained on a VGESCALAB MK II X-ray
photoelectron spectrometer with an exciting source of Mg
Ka (1253.6 eV). The morphology of the products was
observed by scanning electron microscopy (SEM, Quanta
200) and transmission electron microscopy (TEM, JEM-
100CXII). The samples used for characterization were
dispersed in absolute ethanol and were ultrasonicated
before TEM test. Fourier transform infrared spectra
(FT-IR) of the solid samples were measured using KBr
pellet technique (About 1 wt% of the samples and 99 wt%
of KBr were mixed homogeneously, and then the mixture
was pressed to a pellet) and recorded on a Nicolet 60-SXB
spectrometer from 4000 to 400 cm ' with a resolution of
4cm~'. Thermo-Gravimetric Analysis and Differential
Thermal Analysis (TG/DTA) measurements were per-
formed on SETSYS-1750 (AETARAM Instruments).
About 10 mg of the as-obtained samples was heated in
an Al,Oj crucible in nitrogen atmosphere from ambient
temperature to 800 °C at a constant rise of temperature
(10 °C/min). The phase transition temperature of VO,(M)
was measured by differential scanning calorimetry (DSC,
DSC822°, METTLER TOLEDO) at a heating rate of
5°C/min with a liquid nitrogen cooling system. Optical
properties of VO,(M) were tested by variable-temperature
infrared spectra (variable-temperature IR, NICOLET
5700) with an adapted heating controlled cell. Variable-
temperature IR spectra of the solid samples were measured
using KBr pellet technique from 4000 to 400 cm ' with a
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resolution of 4cm™'. About 1wt% of the samples and
99 wt% of KBr were mixed homogeneously, and then the
mixture was pressed to a pellet.

2.5. Electrochemical tests

The electrochemical properties of the as-obtained
V3;05-H,0 and VO,(B) nanobelts were tested in assem-
bling experiment cells with metallic lithium as the negative
electrode. The working electrode was made by dispersing
with 85wt % active materials (V3;0;-H>O or VO,(B)
nanobelts), 10 wt % acetylene black carbon powder, and
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Fig. . XRD patterns of the as-obtained samples: (a) the standard JCPDS
plots of V;07-H,O; (b) the as-synthesized V305 - H,O nanobelts; (c) the
standard JCPDS plots of VO,(B); (b) the as-synthesized VO,(B)
nanobelts.
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5wt % polyvinylidene fluoride (PVDF) binder in
N-methyl-2-pyrrolidone (NMP) solvent to form a homo-
geneous slurry. The slurry was then spread and pressed on
Al foil. The coated electrodes were dried in vacuum at
125 °C for 18 h. The electrolyte was 1 mol L™ LiPFg in a
mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC) (EC/DEC=1/1, v/v). The cells were assembled in a
glove box under an argon atmosphere. Charge—discharge
tests were carried out in a voltage range 4.0-1.5V and
current densities of 30, 50, 100 and 200 mA/g.

3. Results and discussion

3.1. The characterization of V30, H>O and VO>(B)
nanobelts

Fig. 1 shows the typical XRD patterns of the as-
obtained V;0;-H,O and VO,(B) nanobelts. All the dif-
fraction peaks from Fig. 1b can be readily indexed to
orthorhombic crystalline phase (space group: Pnam) of
V307-H,O (JCPDS No. 85-2401, a=16. 929 A, h=9.359
A c=3.644 A) [37], whose plots are shown in Fig. 1a. No
peaks of any other phases are detected from the XRD
pattern, revealing the as-prepared product with high
purity. In a similar method, it can be observed from
Fig. 1d, that all the diffraction peaks can readily indexed
as the monoclinic crystalline phase (space group C2/m) of
VO,(B) (JCPDS, No. 65-7960) [38] and the as-prepared
VO,(B) is high purity compared Fig. 1c and d.

The composition and vanadium valence state of the
surface of the as-obtained V3;0;-H>O and VO,(B) nano-
belts were further investigated by XPS, as shown in Fig. 2.
The survey spectra reveal the as-prepared samples only
consisting of vanadium and oxygen (The C;, peak appears,
which may be due to some CO, absorbed on the surface of
the samples). It was reported [35,39-42] that V2p1 2 peak is
located at about 524.3 ¢V and V2p3/2 peak is located at
516.9-517.7 eV; Vzpl/z peak is located at about 523.4 eV
and V2p3/2 peak is located at 515.7-516.2 ¢V; and V2p1/2
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Fig. 2. XPS spectra of the as-obtained V307 - H,O and VO,(B) nanobelts: (a) the survey spectra; (b) the core-level spectra of V.
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peak is located at about 523.0eV and V3ij5, peak is
located at 515.2-515.9eV. As can be seen from Fig. 2b,
the binding energies of Vap1, and Vapspn of V307-H,O
centered at 524.3 and 516.9 eV are well consistent with the
above results of V(V). However, we can also observe a
weak intensity peak at around 516.9 eV, which represents
the +4 oxidation state of vanadium. As for the as-
obtained VO,(B) nanobelts, the binding energies located
at 515.9(Vap32) and 523.1 €V (Vap1/2) are the characteristic
of vanadium in the +4 oxidation state. Therefore, the
core-level spectra of V,, further confirm that the as-
obtained V;0;-H,O nanobelts consist of V(V) and
V(IV), while VO,(B) nanobelts contain V(IV).

To get more information about the composition of the
as-synthesized V;0;-H,O nanobelts, the corresponding
FT-IR and TG measurements were carried out. The results
are shown in Supplementary data (Figs. S1-S3), which
further reveal that the as-obtained sample is V505 - H>O.

The morphology and size of the products were investi-
gated by SEM and TEM. Fig. 3 shows the typical SEM
and TEM images of the as-prepared V305 - H>O nanobelts.
The SEM image (Fig. 3a) indicates the as-obtained
V307-H>0 consists of a large number of 1 D nanobelts
with length in the range of several to tens of micrometers
and width ranging from 100 to 300 nm. A lower magnifi-
cation TEM (Fig. 3b) image is consistent with the SEM

image in width and length of nanobelts. It can be observed
from the higher magnification TEM (Fig. 3c) image that
the individual nanobelt has the smooth surface. The
microstructure of the layered V;0;-H,O nanobelts was
studied by SAED corresponding to the region as indicated
by the square shown in Fig. 3d. The analysis of the SAED
pattern reveals that the as-synthesized V;05-H,O nano-
belts grow along the [001] orientation, in agreement with
Ref. [20]. Fig. 4 represents the typical SEM and TEM
images of the as-prepared VO,(B) nanobelts. It can be
observed from Fig. 4a—c, that the as-obtained VOy(B)
consists of a large number of 1D nanobelts with length in
the range of hundreds of nanometers to several micro-
meters and width ranging from 100 to 200 nm. Compared
Fig. 3b and ¢ with Fig. 4b and c, the crystallization of the
as-obtained VO,(B) nanobelts is worse than that of
V;07-H>0 nanobelts, which can be further proved by
the SAED pattern (Fig. 4d) of Fig. 4c.

3.2. Some parameters controlling the phase and morphology
of the resulting products

As other low dimensional nanomaterials, some special
conditions are required to synthesize the regular
V305 -H>0 and VO,(B) nanobelts. In this paper, we took
the fabrication of V307 - H,O nanobelts as the example to

Fig. 3. Typical SEM and TEM images of the as-obtained V;07- HO nanobelts: (a) SEM, inset a higher magnification; (b) and (c) TEM; (d) the SAED

pattern.
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Fig. 4. Typical SEM and TEM images of the as-obtained VO,(B) nanobelts: (a) SEM; (b) and (c) TEM; (d) the SAED pattern taken from (c).

reveal that some parameters (i.c.: the reaction temperature,
the reaction time and the ratio of ethanol/water) have
influenced on controlling the phase and morphology of the
resulting products and the formation mechanism of vana-
dium oxides nanobelts.

3.2.1. The reaction temperature

It was found that the reaction temperature was a
significant factor for preparing V;0;-H,O nanobelts.
The detailed results and discussion are represented in
Supplementary data (Fig. S4). The results indicate that
the temperature (at 180 °C) is favorable for the fabrication
of V305 - H,O nanobelts.

3.2.2. The ratio of ethanol/water

The ratio of ethanol/water also played a major role in
synthesizing the vanadium oxides nanobelts and it was
found that V305-H,O and VO,(B) nanobelts could be
selectively synthesized by changing the quantity of ethanol.
Keeping other parameters constant (23 mL of ethanol and
deionized water), only the ratio of ethanol/water was
considered as the changeable parameter. The synthetic
reactions were carried out with different volume of ethanol
(0, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10 and 23 mL) at 180 °C for
12 h. The as-obtained samples were characterized by XRD
and the corresponding results were summarized in Table 1.
The results revealed that the redox reaction could not
perform without ethanol. It was to say that ethanol acted
as the reducing agent in the system. The phase of

Table 1

Phases obtained by hydrothermal synthesis for different ethanol/water
ratios. (Reaction conditions: 0.91 g of V,0s, 2 mL of H,0O,, and at 180 °C
for 12 h.).

Sample EtOH/mL H,O/mL Phase (XRD)

1 0 23 V,0s

2 0.05 22.95 V;0;7-H,0 and VO, -nH,O
3 0.1 22.9 V;0;-H0

4 0.2 22.8 V;0;-H,0

5 0.5 22.5 Main V;07-H,O and minor VO,(B)
6 1 22 VO,(B)

7 2 21 VO,(B)

8 5 18 VO,(B)

9 10 13 VO,(B)

10 23 0 VO,(B)

V5;0,-H,O was obtained when a little of ethanol was
used. With the volume of ethanol increased, the reductive
capability in the system was strengthened, resulting that
more and more vanadium atoms in the 45 oxidation state
were reduced to that of +4 oxidation state. Finally, pure
VO,(B) was synthesized with 1.0 mL or more ethanol
added. Figs. 3-5 show the TEM images of the samples
synthesized with different volumes of ethanol: 0.05
(Fig. 5a), 0.1 (Fig. 3), 0.2 (Fig. 5b), 0.5 (Fig. 5¢), 1
(Fig. 4), 2 (Fig. 5d), 5 (Fig. 5¢) and 10 mL (Fig. 5f). When
the volume of ethanol was 0.05-0.2 mL, large-scale of
V305 - H,0 nanobelts were obtained (Fig. 5a, Fig. 3 and
Fig. 5b). With 1 mL or more ethanol used, VO,(B)



134 Y. Zhang et al. | Ceramics International 39 (2013) 129-141

Fig. 5. TEM images of the as-prepared samples with different volumes of ethanol: (a) 0.05 mL; (b) 0.2 mL; (c) 0.5 mL; (d) 2 mL; (e) 5mL; (f) 10 mL.

nanobelts were synthesized (Fig. 4 and Fig. 5d—f). How-
ever, it could be clearly observed from the TEM images
that, the length of the as-obtained vanadium oxides
nanobelts became shorter and shorter with the volume of
ethanol increased (the more ethanol, the shorter nano-
belts). Although the reason was not clear at our current
knowledge, we presumed that it may be attributed to the
function of ethanol or that the growth of VO,(B) was
slower than V30;-H,O in one direction under the
hydrothermal condition. Therefore, the ratio of ethanol/
water was a critical factor for synthesizing vanadium
oxides nanomaterials with different compositions and
morphologies.

3.2.3. The reaction time

To reveal the evolution processes of the formation of
V30, - H,O nanobelts, the reaction time was changed with
other parameters unchanged in our designed experiments. The
synthetic process was ceased at definite reaction periods of 0.5,
2,4, 6, 12, 24 and 48 h, and the as-obtained intermediate
products were separated for XRD and TEM tests, which were
respectively shown in Fig. S5 (Supplementary data) and Fig. 6.
When the reaction was carried out for 0.5 h, the brown colloid
solution was obtained and the XRD pattern (Fig. S5a) of its
dried solid showed that it was main phase of V,0Os5 (JCPDS,
No. 72-598). But we conjectured that this dried powder might
contain some +4 oxidation state of vanadium. To verify this
idea, the reaction using only this powder and redistilled water
was carried out at 180 °C for 12 h, and the mixture of
V307-H,O (main) and V,0Os were obtained, which was
corresponding to the previous report [43]. With the reaction

time increased to 2 or 4 h (Fig. S5b and c), the diffraction
peaks of the intermediate products could be indexed as a set of
peaks characteristic of the 00/ reflections for the layered phase
of V,0s5- xH,0, which was consistent with the reported data
[44,45]. The as-obtained hydrate vanadium oxides were also
treated with redistilled water at 180 °C for 12 h, respectively,
and good crystal V505 - H,O was obtained. When the reaction
prolonged to 6 h, all the diffraction peaks could be indexed as
the orthorhombic phase of V;05-H->0, indicating that the
pure phase of orthorhombic V;0;- H,O was obtained (Fig.
S5d). After heating 12, 24 and 48 h, the pure phase of
orthorhombic V3;07-H,O with good crystalline structure
was synthesized (Fig. S5e-g).

Fig. 6 displays the morphological evolution of the
intermediate products during our synthetic route. After
0.5 h, a large number of vanadium oxides nanosheets and
fragments were obtained (Fig. 6a), which indicated that the
nanobelts were not formed. With the reaction time
expanding to 2 h, the trend of nanobelts began to appear,
as shown in Fig. 6b. As the reaction time increased, the
amount of initial sheets and particles decreased. Some
short nanobelts were formed after 4 h, although some
scraps were still existed (Fig. 6¢). With the reaction time
extended to 6h, a large number of vanadium oxides
nanobelts had been explosively formed (Fig. 6d). The
nanobelts had a length in the vast ranges of several to
hundreds of micrometers and width ranging from about 40
to 140 nm, respectively, but we could occasionally see some
fragments. The V3;07-H,O nanobelts were formed well
after 12 h (Fig. 3 and Fig. 6e). When the reaction time
reached to 24 h, the width of the as-obtained nanobelts
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Fig. 6. TEM images of the as-prepared vanadium oxide nanobelts at different reaction time: (a) 0.5 h; (b) 2 h; (c) 4 h; (d) 6 h; (e) 12 h; (f) 24 h; (g) 48 h;

(h) some evidences for folding taking from (b).

was increased to about 120-350 nm, as shown in Fig. 6f.
After 48 h, the TEM image (Fig. 6g) revealed that the
product mainly consisted of belts with a length of about
tens to hundreds of micrometers and the width in the range
150-370 nm, which leads to the formation of belts with an
ultrahigh-aspect-ratio. Based on the above analyses, with
the increase in the reaction time, the belts began to form
and became longer and the fragments became fewer,
meanwhile the width and the thickness were also grown.

3.3. The formation mechanism

To study the formation mechanism of as-obtained
vanadium oxides nanobelts, a series of experiments were
explicitly performed. We proposed the reaction mechanism
and the growth mechanism according to our researches. In
the synthetic progress, the vanadium oxides nanobelts were
successfully prepared via two steps: In the first step, the
bulk V,0s5 powders were completely dissolved in dilute
H,0, aqueous solution to get the deep orange solution and
the [VO(O,),]” was formed [25,46], as seen in Eq. (1). In the
second step, some vanadium in the +5 oxidation state
([VO(0,)-] ) was reduced to that of +4 oxidation state in
the presence of ethanol, and the vanadium oxides crystal
nuclei were appeared and constituted freely to form single-
crystalline nanobelts under the hydrothermal conditions.
In this progress, the ethanol played as the reducing agent
and was oxidized to aldehyde [47-49], as shown in Eqgs. (2)
and (3). The effect of ethanol in this progress was verified
by the following experiment: When only the water was
used as the solvent, V,Os5 was obtained. When ethanol was
used, aldehyde as the oxidizing product was experimentally
confirmed by the silver mirror reaction and gas chromato-
graphy (GC) analysis of the final solution mixture, which
was collected, distilled and characterized. Thus, the reac-
tion equations of V3;07-H,O and VO,(B) through the

reaction of V,0s, H,O,, EtOH and H,O under the
hydrothermal condition could be expressed as follows:

V,05+4H,0, - 2[VO(05)] ™ +3H,0+2H *; (1)

6[VO(05):]~ +6H* +CH;CH,OH —

2[VO(0,),]~ +2H " +CH;CH,OH —
2VO,+CH;CHO +20,+2H,0. (3)

To further study the growth mechanism of vanadium
oxides nanobelts, we took the synthesis of V;0;-H,O
nanobelts as the example to reveal its growth mechanism.
To study the growth mechanism of V507 H>O nanobelts,
three questions must be seriously considered, which are as
follows: (1) The reducing reaction was firstly happened,
then the growth of the V505 - H,O nanobelts was evolved;
(2) The vanadium oxide nanobelts were firstly grown well,
then the reducing reaction happened; (3) The reducing
reaction happened in conjunction with the growth pro-
gress. To solve this question, consideration experiments
were carried out. First, the powder products obtained at
the conditions [(a): 180 °C, 0.5h; (b): 180 °C, 1h; (c):
180 °C, 2 h;] with the other parameters unchanged were
main phase V,Os and (or) V,05-xH,O confirmed by
XRD. The final solution mixture was analyzed by GC
after distillation and the results indicated the solution
contained aldehyde after the reaction. These powder
products after the above reactions were treated with only
redistilled water at 180 °C for 12 h. After the reaction, the
results were as follows: (a) the mixture of V;0;-H,O
(main) and V,0s; (b) and (c) V305 - H,O. The above results
were accordance with the previous reports [32,50]. Second,
the reaction with 2 mL of ethanol at 180 °C for 0.5h
without changing other parameters was carried out, and
the blue—green products were obtained, which was the
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color of V505 - H»0. The dried products were treated using
the above method (redistilled water, 180 °C, 12 h) and the
good crystal V;0,;-H,O was obtained. The collected
solution after the reaction (2 mL of ethanol, 180 °C,
0.5 h) was characterized by the silver mirror reaction and
GC, revealed the solution after the reaction contained
ethanol and aldehyde. Therefore, we could conclude that
the reducing reaction happened fast, then the growth of the
V305 - H>O nanobelts was evolved.

On the basis of the above results, time-dependent
experiments were performed to gain an insight into the
formation process of the samples characterized by TEM
(Fig. 6) and the possible formation mechanism was
proposed. We suggest that the formation of V;0;-H,0O
nanobelts is reasonably illuminated by a nucleation,
crystallization, redissolve, recrystallization process, which
can be expressed by a detailed model, as shown in Fig. 7.
First, the [VO(O»),] in the system is formed by V,Os, H,O
and H,0O,. At the beginning of the reaction, V(V) is partly
reduced to V(IV) and the V305-H,O nuclei are formed
and these nuclei rapidly develop into many pieces and
fragments under the hydrothermal condition (Fig. 6a and
b). Second, with the heating time extending, the pieces are
aggregated, combined and folded (Fig. 6h), leading to the
trend of nanobelts (Fig. 6c) and the vanadium oxide
ribbon-like structures are a single burst of formation
(Fig. 6d), while some nuclei and pieces are also formed
and some fragments are still existed. In this course,
interlayer force makes the pieces to aggregate and fold to
form the short ribbon-like structures due to the layer
structure of the vanadium oxides. Some evidences are
found in the enlarged TEM images, as shown in Fig. 6h.
Third, the short ribbon-like structures are grown into
vanadium oxide nanobelts due to its crystal growth

propensity because no templates or surfactants presents.
Since nucleation, dissolution, and re-crystallization are
typical steps in a hydrothermal synthesis process [51],
some fragments and uncrystallized nanostructures are
dissolved to improve the crystal nanobelts to grow suffi-
ciently [52]. The reason is that the width and thickness
become broad compared with the results by prolonging
hydrothermal time, we can also say that the width and
thickness is also grown in pace with the length, which
indicates that the V;0;-H,O nanobelts grow along all
directions. Because of crystal growth anisotropy and
propensity, the V3;07-H,O nanobelts grow well as highly
orient. From above discussions we can conclude that the
formation of V507 - H,O nanobelts is a nucleation, crystal-
lization, redissolve, recrystallization process, in which the
irregular uncrystallized structures are re-dissolved into the
solution phase and the crystal nanobelts grow better. This
formation mechanism is similar to the formation process
of silver nanowires [53,54] and our previous report [20].

3.4. Electrochemical properties of V307 H>O and VO,(B)
nanobelts

The vanadium oxides (i.e.: V,0s, V307, V4013, VO, etc.)
and their derivatives have attracted increasing attention
because they can be used as the electrode materials for
electrochemical applications in recent years. As the intercala-
tion compounds, V3;0;-H,O and VO,(B) are promising
cathode materials in lithium-ion batteries [20,23,24,26,55—
57]. It was reported that the electrochemical properties of the
electrode materials were influenced by many factors, such as
intrinsic structure, morphology, and preparation methods.
Therefore, in this paper, we also investigated the charge—
discharge capability of V3;0,-H>O and VO,(B) nanobelts.

. (1) W VR : .t
[VO(0,),] ve vl @ e fe et ] O St @g
Hydrothermal Vit ver Nuclei formed | - ®° * ¢ Grow to pieces .. -*
ve VT ., L, e 0, | )
ethanol Oxidation- ) v V5 / LIPS ] s fragments ~ ~.
reduction VEr Ve . . (=) g
water Vst L B . .
A\ V5+ e o' . '
Vanadium oxides crystal nucleus
@ 5) (©6)
aggregate (
combine Alarge scale of
fold Grow orientation nanobelts formed
—
— 3
ribbon-like ” Re-crystallization
structures formed SIOW SlOW
Continue to grow along
Dissolve to add the belts

Fig. 7. Schematic illustration of the growth mechanism of the V;05-H,0O nanobelts.
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The lithium-ion intercalation and deintercalation process
could be described by the following equations:

V307 H20+XLi+Xe_ :Li+V307 HQO

VO,+Li+xe” =Li + xVO,

Fig. 8a shows the relationship between the cycle perfor-
mance of specific capacity and the cycle number for the
electrodes composed of the as-obtained V;0;-H,O or
VO,(B) nanobelts in a voltage range 4.0-1.5 V and under
a constant current density of 30mA/g. Obviously,
V305 - H,O nanobelts have better electrochemical proper-
ties than that of VO,(B) nanobelts. As for V;0,-H,O
nanobelts, we can see that the V3;0;-H,O nanobelts
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a
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Fig. 8. (a) The cycle performances of the as-obtained V;0;-H,O and
VO,(B) nanobelts at a current density of 30mA/g; (b) Discharge
capacities of V307;-H,O and VO,(B) electrodes at various current
densities of 50 to 200 mA/g.

350 mAh/g, which is much higher than the previous value
[24]. The V305-H>O nanobelts with an initial high dis-
charge capacity may be attributed to the large surface area
and short diffusion distance resulting from the nanostruc-
tures [58,59]. The capacity of V3;0;-H,O nanobelts mod-
erately decays to 307 mAh/g in the second cycle, which
retains about 87.7% of the initial discharge capacity. After
that, the capacities are slightly decreased with the cycle
number increased. It reaches a capacity of 223 mAh/g after
40 cycles, which retains about 63.7% of the initial
discharge capacity. A small drop in the discharge capacity
might be explained two following reasons: (1) Lithium ions
are inserted into V3;0;-H,O to form Li, V50;-H-O.
Correspondingly, lithium ions are reinserted from Li,.
V305 - H>0 in this progress. However, some lithium ions
cannot be completely extracted from the Li,V;0;-H,0
structure. This results in the small drop in the discharging
capacity with the cycle number increased [24]; (2) The
decrease of discharge capacity of the sample is likely due to
partial fracture of its shape and structural degradation
after the redox cycle. That has been studied during the
charge—discharge process of vanadium oxides nanostruc-
tures [23,26,60]. In the case of VO,(B) nanobelts, they
exhibit an initial discharge capacity of 190 mAh/g. It
delays to a capacity of 125 mAh/g after 40 cycles, which
retains about 65.8% of the initial discharge capacity. Good
rate capability is one of the keys in developing high power/
fast charging lithium ion batteries. The cycling responses
of the V;0,;-H,O and VO,(B) nanobelts electrodes at
different current rates are investigated (4.0-1.5 V) and are
shown in Fig. 8b. The first discharge capacities of
V;0;7-H,0 nanobelts are 335, 253 and 204 mAh/g at
current densities of 50, 100 and 200 mA/g, respectively.
The capacity retention at every 10 cycles is 85.9% at
50 mA/g, 72.5% at 100 mA/g and 56.4% at 200 mA/g of
the initial discharge capacity. As for VO,(B) nanobelts, the
first discharge capacities are 176, 131 and 101 mAh/g at
current densities of 50, 100 and 200 mA/g, respectively.
The capacity retention at every 10 cycles is 82.4% at
50 mA/g, 69.9% at 100 mA/g and 55.7% at 200 mA/g of
the initial discharge capacity. All these results indicate that
the V307 H,O and VO,(B) nanobelts synthesized by this
one-pot hydrothermal method are promising cathode
materials in lithium ion batteries, and V30, -H>O nano-
belts have better electrochemical properties.

3.5. The irreversible transformation of VO>(B) to VO,(M)
nanobelts

In the past decades, many researchers have devoted their
interest to synthesis and application of VO,, because the
metal-semiconductor transition temperature (7;) of VO,(M) is
close to room temperature (68 °C) found by Morin [61]. Until
now, VO,(M) can be used in many areas [17], such as
temperature sensing devices, optical switching devices, optical
data storage media, intelligent thermochromic windows and so
on. From the literature investigated, the methods of preparing
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VO,(M) are commonly treated other phase of VO, with high
temperature at the inert atmosphere. Therefore, in this paper,
we investigated the transformation from VO,(B) nanobelts to
VO,(M) nanobelts by the thermal treatment, and it was found
that VO,(M) nanobelts could be converted from VO,(B)
nanobelts at 700 °C for 2 h under the inert atmosphere.

Fig. 9 represents the XRD patterns of the as-obtained
VO,(M) nanobelts. All the diffraction peaks from Fig. 9 can
be readily indexed as monoclinic crystalline phase (space
group: P21/c) of VO,(M), which corresponds to the VO,(M)
(JCPDS, No. 72-0514, a=5.743, b=4517, ¢=5.375A)
already described in the literature [62]. No peaks of any
other phases are detected from the XRD pattern, indicating
the as-prepared VO,(M) with high purity.

When the phase transition of VO,(M) occurs, it respec-
tively exhibits noticeable endothermal and exothermal
profiles in the heating and cooling DSC curves, which
corresponds to the phase transition VO,(M)=VO,(R).
Fig. 10 shows the representative DSC curves of VO,(M)
nanobelts with heating and cooling cycles. The 7. of
VO,(M) nanobelts is about 64 °C, which is a little lower
than the reference [61]. It may be due to the size effect of
the nanostructured materials. While the T is about 58 °C
in the cooling cycle, which is due to the hysteresis behavior
of VO,(M) nanobelts. Besides, a TEM image (insert in
Fig. 10) reveals that the morphology and size of the
VO,(M) are dependent on that of VO,(B).

Based on the DSC curves of VO,(M), it undergoes a
noticeable endothermic peak at about 64 °C in the heating
cycle and a noticeable exothermal at about 58 °C in the
cooling cycle. It was reported that the drastic change
occurred in its optical properties, accompanied by the
phase transition of VO,(M/R). Therefore, in this paper,
the as-obtained VO,(M) nanobelts was explored as an
optical switching device. The optical switching properties
of VO,(M) was investigated by a series of variable-

(b) as-synthesized VOZ(M)
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-212
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Fig. 9. XRD patterns of the as-obtained VO,(M) nanobelts.
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Fig. 10. DSC curves of the as-obtained VO,(M) nanobelts with heating
and cooling cycles, inserted a TEM image.

temperature IR of the heating and cooling cycles, as
depicted in Fig. 11 and Fig. S6 (Supplementary data).
Fig. 11a shows all the curves obtained with the variable-
temperature IR tests. It can be clearly observed from
Fig. 11a, that VO,(M) nanobelts have the optical switching
properties. To get a noticeable observation, two typical
results below (15 °C) and above T, (90 °C) are selected to
make Fig. S6a, which reveal that the optical transmission
of VO,(M) nanobelts at 15 °C is higher than that at 90 °C,
suggesting that VO,(M) nanobelts converted from VO,(B)
nanobelts have good thermochromic properties. Further-
more, Fig. 1la and Fig. S6a both reveal that VO,(M)
nanobelts have potential applications in optical switching
devices at the vibratory absorption bands from 1200 to
800 cm ~' due to its large transmission changes. Fig. S6b
represents two IR curves below 7. from Fig. 11a: one is
from the heating process, while the other is from the
cooling process. These spectra have almost the same
optical transmission, indicating that the phase transition
of the as-obtained VO,(M) nanobelts have good reversi-
bility. Fig. 11b describes the process of the phase transition
of VO,(M) nanobelts before and after T,, indicating its 7
is at about 66 °C in the heating cycle and at about 55 °C in
the cooling cycle. However, the heating and cooling curves
are asymmetric in Fig. 1la and b, which indicates the
hysteresis behavior in the sample, in agreement with the
DSC observation (Fig. 10). All of above properties of
VO,(M) nanobelts discussed from Fig. 11 and Fig. S6
verify that it is beneficial for the development and
application of an optical switching material.

4. Conclusion

In conclusion, V;07-H>O and VO,(B) nanobelts were
successfully synthesized by a template-free mild and direct
hydrothermal reaction between peroxovanadium (V) com-
plexes and green solvent (ethanol). Several parameters, such
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Fig. 11. Variable-temperature infrared spectra of the as-prepared VO,(M)
nanobelts: (a) All of IR curves with different temperatures; (b) Selected
some typical IR curves from (a) to clearly reveal the process of the phase
transition of VO,(M) before and after 7.

as the ratio of ethanol/water, the reaction temperature and
the reaction time, were found to play an important role in
controlling the morphologies and phases of the products. It
was found that the ethanol was oxidized to aldehyde
confirmed by the silver mirror reaction and gas chromato-
graphy. V;0;-H,0O and VO,(B) nanobelts could be selec-
tively synthesized by controlling the quantity of ethanol. A
nucleation, crystallization, redissolve, recrystallization pro-
cess was proposed to explain the formation mechanism of
vanadium oxides nanobelts. The electrochemical properties
of V305 - H,O and VO(B) nanobelts were studied, and they
exhibited a high initial discharge capacity of 350 mAh/g and
190 mAh/g, respectively, indicating that these materials can
be promising cathode materials in lithium-ion batteries.
Furthermore, VO,(M) nanobelts was prepared by the irre-
versible transformation of VO,(B) nanobelts at 700 °C for

2 h under the inert atmosphere. The T, of VO,(M) nanobelts
was about 64 °C. The optical switching properties of VO,(M)
nanobelts were investigated by variable-temperature IR,
which revealed that the as-obtained VO,(M) nanobelts could
be applied to the optical switching devices.
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