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Abstract: Ultra-long VO,(B) nanobelts were fabricated by a facile one-step hydrothermal treatment. It was found that

the nanobelts were about ~200 nm in width and dozens of microns in length. Being used as a cathode material, the

VO,(B) nanobelts show superior rate capability, with discharge capacities of ca. 425, 175, 125, 90, 75 and 50 mAh/g

at 50, 100, 200, 500, 1000 and 2000 mA/g, respectively. More importantly, excellent cycling stability without consid-

erable capacity loss (10.41%) for 500 cycles is observed. The present study implied that the unique ultra-long nano-

belts morphology and its intrinsic structural features are responsible for their excellent structure stability, and thus re-

sulting in superior electrochemical performance.
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The storage of energy through electrochemical reac-
tions is a crucial technology for portable power needs!' .
Due to layered structures and promising properties in
nanometer region, nanostructured VO,(B) materials have
been widely studied and considered good alternatives to
the carbon-based canode materials in Li-ion batteries
(LIBs) and supercapaciters (SCPs)!"\. Recently, Tarascon,
et al gaves an amazement that crystalline VO,(B), synthe-
sized via a low temperature heat treatment in vacuum,
exhibited a specific capacity as high as 500 mAh/g"™. Hier-
archical VO,(B) nanoparticles prepared by electrospinning
shown an initial and 50th discharge capacities of up to 390
and 201 mAh/g, respectively’”’. All of these studies have
successes, however, their structures could hardly display a
long-term stable cycling performance.

On the other hand, it should be noted that the perform-
ance depends not only on the structure, but also on the mor-
phology of the electrode components''®**), One-dimensional
nanomaterials with large length to diameter ratio and good
electronic transport properties has a broad application
prospect in electrochemical energy storage, electronics
and other fields!"". With regard to vanadium oxide, vari-
ous materials with 1D nanostructures, such as VO,(B)
nanobelts, V;0; nanofibers, V,0s nanobelts, efc., have
been synthesized and obtained improved electrochemical
properties extensively!'>2%.

In this study, we report a facile one-step hydrothermal

method to directly synthesize ultra-long VO,(B) nanobelts,
and the optimal synththesis condition in detail.

1 Experimental procedure

1.1 Synthesis

All the starting materials, V,0Os and butylated hydroxy-
toluene (BHT) were analytically pure and used without
purification. In a typical procedure, 2.5 mmol (0.4547 g)
V,0s and 5 mmol (1.1018 g) BHT were stirred with 80 mL
deionized water. After stirring for about 2 h, the obtained
yellow solution was transferred to a 100 mL Teflon-lined
stainless steel autoclave followed by hydrothermal treat-
ment at 20°C for 24 h. After the autoclave was cooled to
room temperature, the resultant blue-black products were
washed with firstly deionised water and ethanol. Finally,
the ultra-long VO,(B) nanobelts powers were obtained
after drying at 60°C for 5 h.
1.2 Characterization

The phase structure were determined by powder X-ray
diffraction (XRD) using Cu Ko radiation (A= 0.15418 nm).
The morphologies were observed by scanning electron
microscope (SEM) and transmission electron microscope
(TEM). X-ray photoelectron spectroscope (XPS) was used
to confirm the oxidation state of vanadium. The micro
structural was analyzed through high-resolution TEM
(HRTEM) and selected area electron diffraction (SAED).
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1.3 Electrochemical properties analysis

The electrochemical button cells were constructed by
mixing active material, polyvinylidene fluoride (PVDF),
and carbon black in the weight ratio of 80: 10: 10. Tetra-
hydrofuran was used as the solvent. The slurry was cast
onto Al foil using a doctor-blade technique. After solvent
evaporation at 70°C and heating at 100°C under vacuum
for 12 h, the electrodes were cut into disks and assembled
into CR2032 button cells with commercial electrolyte
(Merck; 1 mol/L LiPF6 in 1:1 V/V ethylene carbonate :
dimethyl carbonate) and Li metal counter electrode. The
amount of the active material in each electrode disk is
average 2.38 mg. The cells were constructed in an
Ar-filled MBraun glovebox and then cycled galvanostati-
cally at a desired current density with a Land CT2001A
tester system at room temperature.

2 Results and discussion

The nanobelts were characterized by XRD pattern to
identify the crystallographic structure, as shown in Fig. 1(a).
All the diffraction peaks can be indexed to monoclinic
structure of VO,(B) (JCPDS 81-2392), which verifies the
phase purity. The sharp diffraction peaks imply that the
obtained VO,(B) nanobelt is well crystallized. A
low-magnification SEM image (Fig. 1(b)) clearly reveals
that a large quantity of ultra-long (dozens of microns in
length) nanobelts were achieved. The nanobelts were
rather uniform with a width of ~200 nm, as confirmed
from Fig. 1(c). The TEM images of VO,(B) clearly show
that the ultra-long nanobelts are randomly oriented as
shown in Fig. 1(d). The interplanar distances of 0.503 nm
match well with the do1)spacings of monoclinic VO,(B)
structure. Furthermore, according to the selected lattice
planes in the SAED patterns (insets of Fig. 1(e)), all the
measured interplanar distances agree well with those cal-
culated from monoclinic VO,(B) crystallographic pa-
rameters. These coincident spacing values provided the
microscopic evidence for the existence of monoclinic
VO,(B). Moreover, the corresponding SAED image sug-
gests that each nanobelt is in a single crystal form.

Important information on the surface composition and
chemical element valence state was provided by XPS
measurements, as shown in Fig. 2. Apart from C, O, and V,
no other elemental peaks are shewing on the XPS spec-
trum (Fig. 2(a)). The Cls peaks can be attributed to the
CO, adsorbed on the sample surfaces. The V2p core-level
spectrum (Fig. 2(b)) shows peaks at 516.57 eV for
V2p3/2121 and 524.2 eV for V2p1/21**) both the charac-
teristic of vanadium in the +4 oxidation state which agree
with the bulk VO, values reported in other studies.

Monoclinic VO, (B)
JCPDS B1-2392
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Fig. 1 Characterizations of as-prepared VO, nanobelts

(a) XRD patterns of VO,(B) nanobelts; (b), (¢c) SEM images of VO,(B)
nanobelts; (d) low-resolution TEM images of the VO, (B) nanobelts and
(e) HRTEM image of the end of VO, nanobelts showing that the nano-
belt is single crystalline and free from dislocation and defects

2.1 Effects of synthesis conditions

The reaction temperature, time, and molar ratio of the
reducing agent to the vanadium source (MR) are highly
important for formation of ultra-long VO,(B) nanobelts.
Figure 3 shows the XRD patterns of the samples obtained
at 200°C for 24 h with different MR. Figure 3(a) shows
that most of the peaks belong to V;0, (H,0)
(JCPDS85-2401) when MR is 1: 1, indicating that the in-
fluence of amount of reducing agent on products is lower
than others and V> cannot be adequately reduced to form
V**. When MR was increased to 2: 1, the products were
pure VO,(B), [shown in Fig. 3(b)]. However, when the
MR was further increased to 3: 1, the mixture of VO,(B)
and VO,(A) were obtained. These results indicate that the
MR = 2: 1 is a suitable parameter of reducing agent, under
which condition V3" can be adequately reduced to V*' to
form pure VO,(B).
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Fig. 2 (a) XPS spectrum of a typical VO, powder and (b)
core-level spectrum of V2p
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Fig. 3 XRD patterns of samples obtained with different MR
(a) MR=1:1; (b) MR=2: 1; (¢) MR=3: 1

Figure 4(a)-(c) reveals the effect of the reaction tem-
perature on the phase structure under MR=2: 1. When the
temperature is 180°C and 200°C, all the peaks are consis-
tent with VO,(B), nevertheless, the crystallinity of VO,(B)
increases with increasing temperatures, as shown in Fig. 4(a)
and (b). When temperature was increased to 220°C, the
achieved products were mixture of VO,(B) and VO,(A),
as shown in Fig. 4(c). These results reveal that high tem-
perature leads to phase shifting from VO,(B) to VO,(A).
On the basis of above mentioned results, we concluded
that both of large amount of reducing agent and high tem-
perature facilitate formation of VO,(A). Consequently, a

molar ratio of 3: 1 was used in the subsequent experiment
as shown in Fig. 4 (d)-(f). As expected, when the tem-
perature is 220°C, all XRD peaks can be unambiguously
indexed to the standard PDF JCPDS 70-2716 of VO,(A).
Moreover, differences from the results with MR=2: 1, the
VO,(A) was observed at a lower temperature of 200°C.
These results indicate that the large amount of reducing
agent decrease the phase shifting temperature. In conclu-
sion, the MR=1: 1 and low temperature lead to V30,
(H,0), the MR=3: 1 and high temperature lead to the
formation of VO,(A), and MR=2: 1 and 200 C are
deemed an appropriate conditions to the formation of
VO,(B), under which condition V" be adequately re-
duced to form V*'.

The XRD patterns of the samples obtained with differ-
ent reaction time (Fig. 5) reveal the evolution process of
VO,(B). From the XRD patterns of Fig. 5 (1 h), it can be
observed that all the peaks of samples for 1 h belong to
V,0s. After 3 h, the peaks of V,0s disappeared, but the
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Fig. 4 XRD patterns of samples obtained at different tempera-
tures and MR for 24 h

(a) MR is 2: 1, 180 °C; (b) MR is 2: 1, 200 °C; (c) MR is 2: 1, 220 C; (d)
MR is 3: 1,220 C; (e) MR is 3: 1,200 C; (f) MR is 3: 1, 180C
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Fig. 5 XRD patterns of samples obtained after different
amounts of time at 200°C with a molar ratio of 2: 1 for reducing
agent to vanadium source

(a) 1 h; (b)3 h; (c) 6 h; (d) 12 h; (e) 24 h; (f) 36 h; (f) 48 h
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peaks belonging to V;0,-H,0 appeared as shown in Fig. 5
(3 h) and (6 h), which reveals that the reduction reaction
has started and the sample has been reduced to V;0,-H,O.
With further increase of the time to 12 h and 24 h, all the
peaks are consistent with the characteristic peaks of VO,
(B) as shown in Fig. 5 (12 h). For the samples with a reac-
tion time of 36 h and 48 h, the (110) and (113) peaks be-
longing to VO,(B) significantly enhanced.

Thus, the optimal synthesis condition of ultra-long
VO,(B) is hydrothermal treatment of an aqueous solution of
V,0s and BHT at 200°C for 24 h with a molar ratio of 2:1.
Compared with other reports on VO,(B), the preparation
process is not only simple but also time saving. Moreover,
the crystallinity of VO,(B) is still very high, the phase is
quite pure and the morphology is very uniform.

2.2 The electrochemical properties

Electrochemical properties of the as synthesized vana-
dium oxidesbased electrodes were evaluated using gal-
vanostatic charge/discharge as shown in Fig. 6. Figure 6(a)
displays the rate capability of the VO,(B) at different rates
from 50 to 2000 mA/g. The discharge capacity for the
VO,(B) nanobelts initiates at 437.0 mAh/g which is very
closely to Tarascon’s results who gave us an amazement
crystalline VO,(B) exhibited a specific capacity as high as
500 mAh/g™®). The discharge capacity drastically drops to
225 mAh/g within fifth cycles, which could be attributed
to the structure compacted or irreversible phase transfor-
mation of active materials during repeatedly charge/dis-
charge processm]. Moreover, at 100, 200, 500, 1000 and
2000 mA/g, the electrode exhibits discharge capacities of
175, 125, 90, 75 and 50 mAh/g, respectively. Even at ul-
trahigh current densities of 2000 mAh/g, the nanobelts can
still deliver a capacity of 50 mAh/g, indicating superior
rate performance. Furthermore, no capacity fading is ob-
served at discharge rates higher than 50 mA/g. The nano-
belts could tolerate a larger crystal volume change and
remain more stable, and thus allowing good cycling stabil-
ity at high rates.

As reported, VO,(B) with various morphologies could
hardly exhibit good cyclability. Specific capacity irre-
versibly fades quickly due to the electrodes side reaction
and structural transformation. Though batteries with
nanoscale materials deliver more power quickly with less
heat, an increase in undesirable electrode/electrolyte re-
actions leads to self-discharge, poor cycling and calendar
life®¥. Tt remains a great challenge to improve the cycling
performance of VO,(B) for chemists and material scientists.
Figure 6(b) shows long-term cycling performance up to 500
cycles at high current density of 1000 mA/g. The nanobelts
exhibit an initial discharge capacity of 141.3 mAh/g at

1000 mA/g. The discharge capacity increases with the
cycle number during the initial ~323 cycles, to a maxi-
mum value of 303.2 mAh/g at the 323th cycle, which is
probably due to the enhanced electrode polarization at
high current density!*). Such phenomenon suggests the
inferior intrinsic kinetic diffusion ability for VO, in the
first several insertion/extraction processes. V,Os also
shows the enhanced discharge capacity in present re-
ported work®**!. After 323 cycles, the discharge
capacity decreased to 126.6 mAh/g at 500th cycle.
Charge/discharge capacity irreversibly fades due to the
electrodes side reaction and structural transformation
which was also shown in other literature®). The capacity
retention is as high as 89.59% after 500 cycles, while
most of earlier reports illustrated that the capacity reten-
tion is lower than 70% after 100 cycles when used
VO,(B) as cathode materials®*>* 2¢2*1 Such superior
cyclability better than those in the previously reported
VO,(B) cathode nanomaterials are very promising to
meet the requirements for many long-term high-power
applications.

The kinetic mechanism of vanadium oxides electrodes
were discussed by CV technique at a scan rate of 0.2 mV/s
in the voltage window from 1.5 V to 4.5 V vs Li'/Li. As
clearly shown in Fig. 6(c), wide flat reduction and oxida-
tion peaks were observed, corresponding to the insertion
and extraction of lithium ions, suggesting that the
as-obtained ultra-long belt-like VO,(B) nanomaterials can
reversibly deliver the lithium ions during cell operation.
Therefore, we think that VO,(B) is fitter for as capacitor
materials than other lithium battery which indicated a
one-step lithiation/delithiation process, due to their struc-
tural changes upon the one Li' ion insertion/extraction
process, corresponding to the following phase transition
(Equation 1)1*);

VO, + Li'te” «» LiVO, 1)
Galvanostatic cycling tests showed us the detailed de-
scription about the variation of the specific capacity versus
voltage (vs Li'/Li) as indicated in Fig. 6(d). No obvious
charge/discharge plateau but an asymmetrical capacitor
behavior was observed, implying promising capacitive
performance rather than lithium storage®=". This result
was corresponding to that of the CV curves (Fig. 6(c)).

Above all, the VO,(B) nanobelts showed excellent
electrochemical properties, including high discharge ca-
pacity, good rate capability and cyclic stability. These are
all the reasons for which these belt-like VO,(B) had a bet-
ter cycling performance. Thus, the ultra-long VO,(B)
nanobelt is the candidate cathode materials for recharge-
able SCPs.
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Fig. 6 Electrochemical properties of as-prepared VO, nanobelts
(a) Rate performance of as-prepared VO,(B) nanobelt at various current densities from 50 mA/g up to 2000 mA/g; (b) Charge/discharge curves and coulom-
bic efficiency vs cycle number of VO,(B) nanobelt; (c) Cyclic voltammograms of VO,(B) nanobelts obtained at a scan rate of 0.2 mV/s; (d) Voltage vs
capacity curves of the as-prepared VO,(B) between 0 Vand 3 V

3 Conclusions

Well-crystallized and ultra-long VO,(B) nanobelts were
directly synthesis using a facile one-step hydrothermal
procedure. The achieved nanobelts were dozens of mi-
crons in length and ~200 nm in width, respectively, and the
optimal synthesis condition is hydrothermal under 200 ‘C
for 24 h with MR=2: 1. The VO,(B) nanobelts exhibited
an ultra-high rate performance of 425 mAh/g at 50 mA/g.
Especially, excellent cycling stability with a low capacity
loss of 10.41% over 500 cycles at 1000 mA/g, success-
fully solved the problem of poor cycling and calendar life.
The fascinating electrochemical performance makes the
VO,(B) nanobelts a promising candidate as cathode mate-
rials for high power SCPs.
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