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Abstract One-dimension y-LiV,05 nanorods were synthe-
sized using VO,(B) nanorods as precursor in this study. The
as-prepared material is characterized by X-ray diffraction,
X-ray photoelectron spectrometry, Fourier-transform infra-
red, transmission electron microscopy (TEM), cyclic vol-
tammetry, and charge—discharge cycling test. TEM results
show that LiV,0s nanorods are 90-250 nm in diameter. The
nanorods deliver a maximum discharge capacity of 284.3
mAh g ' at 15 mA g ' and 270.2 mAh g ' is maintained at
the 15th cycle. Good rate performance is also observed with
the discharge capacity of 250.1 and 202.6 mAh g ' at 50
and 300 mA g ', respectively. The capacity retention at
300 mA g ' is 84.2% over 50 cycles. The Li* diffusion
coefficient of LiV,Os is calculated to be 10'°-107% cm? s .
It is demonstrated that the nanorod morphology could greatly
facilitate to shorten lithium ion diffusion pathways and in-
crease the contact area between active material and electrolyte,
resulting in high capacity and rate performance for LiV,0s.
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Introduction

Vanadium oxides and their derivatives have attracted much
more attention as insertion electrode materials for rechargeable
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lithium batteries due to their high capacity, low cost, and
easy synthesis characteristics [1-6]. Among these mate-
rials, vanadium pentoxide (V,0s) has been extensively
studied [7-14]. Up to now, with the aim of improving its
electrochemical performance, a number of methodologies
have been employed to synthesize various nanostructured
V,05 (nanorod, nanobelt, nanotube, nanowire, etc.). V,Os5
exhibits a high initial specific discharge capacity of 400
mAh g ' [15]. However, limited cycling stability has become
a big obstacle for its further research and probable application
for Li ion battery [6].

It is well known that more than three Li ions could be
inserted into the V,05 host to form Li,V,0s and it under-
goes several phase transformations depending on the
amount of Li ion intercalation [16, 17]. When x<0.1, the
«-phase appears. The e-phase exists for 0.35<x<0.7, -
phase for 0.7<x<1, y-phase for 1<x<2, and w-phase for
2<x<3. It should be noted that the w-phase will turn to
irreversible rock salt-type structure when x>3. y-LiV,05
consists of a puckered layered framework in which Li ions
are located between the (VOs), layers. As one of the prom-
ising cathode materials for Li ion battery, it has attracted lots
of attention in recent years [18-23]. However, there are not
too many reports for synthesis of this material because it is
very difficult to prepare y-LiV,Os, in which there are two
valence states (V> and V*") of vanadium co-existing
[20-23]. Murphy et al. [20] introduced a solution approach
by the reaction of V,05 with Lil in acetonitrile. However, its
high cost made it not viable. Dai et al. [21] prepared y-
LiV,0s after calcining the mixture of NH,VOj3, LiOH, and
CH;-COOH at 350 °C. A solvothermal synthesis was de-
veloped to obtain y-LiV,05 nanorods by Wang et al., which
showed poor cycling stability [22]. Barker et al. [23] fabri-
cated y-LiV,0s5 by carbon reduction method, showing a
stable reversible discharge capacity of 130 mAh g!
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between 2.8 and 3.8 V. Nevertheless, the available capacity
in such voltage range is not enough for application in Li ion
batteries.

Note that most of studies focused on the structure change
to elucidate the lithium ion insertion/extraction mechanism.
Only several papers involved the electrochemical perfor-
mance of this kind of material [20-23]. Therefore, much
work concerning preparation methods should be done to
improve its electrochemical performance in terms of cycling
stability and capacity. Herein, y-LiV,0s nanorods are syn-
thesized by a facile hydrothermal method followed by a
solid state process. In this paper, VO,(B) nanorods are used
as vanadium source. LiV,05 nanorods exhibit a maximum
discharge capacity of 284.3 mAh g ' at 15 mA g ' as well
as good rate capability and cycling stability.

Experimental
Synthesis and characterization

All of the starting materials were of pure analytical grade
and used directly without further purification. A typical
hydrothermal method was employed to obtain the precursor
of VO,(B) nanorods [24]. A total of 0.73 g V,05 and 20 ml
n-butanol were added into distilled water and the mixture
was stirred violently at about 50 °C. Then, the mixed solu-
tion with some insoluble intermediate was transferred into a
100-ml Teflon-lined stainless steel autoclave. The total vol-
ume of the solution was about 85 ml. The autoclave was
sealed and heated at 180 °C for 48 h and then cooled to
room temperature naturally. The obtained precipitate was
collected by centrifugation and washed with distilled water
and ethanol several times. The blue-black products were
obtained after drying overnight at 110 °C in vacuum. Follow-
ing that, 0.2 g as-prepared VO,(B) and 0.0358 g LiOH-H,O
were added into a certain amount of methanol. After gentle
stirring at room temperature for 2 h, the mixture solution was
heated at 50 °C for 10 h to evaporate the methanol. The
collected powder was then calcined at 300 °C for 10 h under
Ar atmosphere.

The crystalline phases were identified by X-ray dif-
fraction (XRD), which was carried out on a Rigaku D/
Max 2500 VB + diffractometer utilizing a Cu-Ka
source with a step of 0.02°. Fourier transform infrared
(FT-IR) spectra were recorded using an Avatar 380 FT-
IR spectrometer. X-ray photoelectron spectrometry (XPS)
measurements were performed on a K-Alpha 1063 system
with Al K« radiation as the exciting source. Morphological
studies were conducted using a JEOL-1230 transmission elec-
tron microscope (TEM) employing a LaB6 filament as the
electron source.
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Electrochemical measurements

The electrochemical cells were constructed by mixing the
active material, polytetyafluoroethylene, and acetylene
black in the weight ratio of 80:10:10. The above mixture
was spread and pressed onto a steel stainless mesh (100
mesh) which served as a current collector. After solvent
evaporation at room temperature and heating at 110 °C
under vacuum for 12 h, the electrodes were assembled
into CR2016 coin-type cells with commercial electrolyte
(Guangzhou Tianci; 1 M LiPFg in 1:1, v/v, ethylene carbon-
ate/dimethyl carbonate) and a Li metal as counter electrode.
The cells were constructed in an Ar-filled MBraun glovebox
and then cycled galvanostatically between 2.0 and 4.0 V
(the voltage unit in this paper is versus Li/Li") at a desired
current density with a Land CT2001A tester system at room
temperature. Cyclic voltammetry (CV) was operated be-
tween 2.0 and 4.0 V using electrochemical station CHI600B
with various scan rates (0.1, 0.2, 0.5, and 0.8 mV sfl).

Results and discussion

Figure la shows the XRD pattern of as-prepared VO,(B)
precursor. As can be seen, the main diffraction peaks are in
good agreement with those of the standard VO,(B) PDF
card (No. 81-2392). Besides, several impurity peaks due to
V505 are observed. A slight amount of impurity could be
accepted, which could finally turn to LiV,O5 after calcina-
tion with lithium source. The nanorod morphology of
VO,(B) is shown in Fig. 1b, c. The nanorods have an
average diameter of 70—150 nm and length of several micro-
meters. Note that some of the nanorods attach together to
form larger diameter and shorter length, revealing that the
VO,(B) nanorods are not well grown.

Figure 2 presents the XRD pattern of as-prepared
LiV,0s. For comparison, the standard PDF card (No.18-
0756) is also attached. All of the diffraction peaks can be
easily indexed to orthorhombic LiV,05 phase (space group
P21/m). Meantime, it suggests high purity of the as-
prepared material. The lattice parameters are calculated to
be a=0.9039(1) nm, »=0.3655(2) nm, and ¢=1.0736(1) nm,
which are a little different from those in literature [23]. It
should be pointed out that the crystal volume of LiV,Os is
0.3547 nm3, which is much smaller than those values in the
literature (0.3732 nm® for the standard PDF card and
0.3727 nm® for that by Barker et al. [23]). Crystal volume
change is considered as an important reason for capacity
fading with regard to electrode materials, especially at high
current densities. Therefore, the structure of an electrode
material with a less smaller crystal volume could be kept
better during rapid Li ion insertion/extraction processes,
which probably provides better cycling stability. As a matter
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Fig. 1 XRD pattern (a) and
TEM images (b, ¢) of as-
prepared VO,(B) precursor.
The asterisk corresponds to the
impurity of V30,

of fact, the results agree well with the following electro-
chemical properties.

The chemical composition and valence state of V element
in the products were further investigated by XPS. As pre-
sented in Fig. 3a, this sample only consists of vanadium,
lithium, and oxygen elements. Note that carbon element in
spectrum should be assigned to a small amount of carbon
dioxide from the atmosphere absorbed on the surface of the
products. There are two peaks at 517.5 and 524.8 eV in the
V 2p core level spectrum (Fig. 3b), which are ascribed to the
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spin—orbit splitting of the components V 2p3/2 and V 2p1/2.
The XPS region spectrum of V 2p3/2 in Fig. 3b consists of
two overlapping peaks, 517.5 and 516.3 eV, which are in
agreement with the results of V,05 and VO,, respectively
[25]. Therefore, vanadium element of the final products
should include two valance states of +4 and +5.

Figure 4 shows the morphology of as-prepared LiV,0s.
As observed, the rod-like morphology is almost maintained
for LiV,0s. However, some individual nanorods of VO,(B)
are partially attached together to form larger and wider ones
after high-temperature calcination. Meanwhile, some are
broken to form shorter rods. LiV,0s nanorods have an
average diameter of 90-250 nm and length of less than
1 pum. Figure 4 depicts the high-resolution TEM image
(HRTEM) of individual nanorod, indicating that the nano-
rod is structurally uniform and free from dislocations and
defects. The fringe spacing is 0.636 nm, which is in good
accordance with the plane distance of the (100) planes in
XRD pattern (Fig. 2). The HRTEM result also demonstrates
the single crystalline nature of the nanorods.

FT-IR spectrum gives further insight into the internal
structure of as-prepared LiV,0s. As can be seen in Fig. 5,
the FT-IR result is different from that of V,0O5 because of the
appearance of mixed valence states of vanadium (V*" and
V") [22]. The sample has characteristic IR peaks at 1,002.9
and 954.4 cm™' which are attributed to V=0 stretching of
distorted octahedral, while those at 814.9, 783.3, 606.3, and
567.7 cm ' could be due to the vibration of V-O-V bonds.
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Fig. 3 a XPS survey spectrum of as-prepared LiV,0s and b the
corresponding high-resolution XPS spectrum of V2p region

The FT-IR result is similar to that of LiV,0s5 as reported by
Wang et al. [21, 22].

Cyclic voltammetry curves of LiV,0s nanorods at vari-
ous scan rates between 2.0 and 4.0 V are shown in Fig. 6. In
the anodic curve, three peaks at about 2.53,3.57,and 3.70 V
are observed when the scan rate is 0.2 mV s '. The
corresponding reduction peaks are located at 2.31, 3.42,
and 3.53 'V, respectively. It should be noted that there are
separated reduction peaks between 2.2 and 2.4 V. The split-
ting of redox peaks was because of the different lithium sites
with energy difference for holding the lithium ions [26].
Good lithium ion reversibility is indicated by similar ca-
thodic and anodic peaks. The height and area of the redox
peaks are gradually increased with the accelerated scan rate,
while the corresponding charges (corresponding to the elec-
trode capacity) remain the same. Figure 7 shows the rela-
tionship between the peak current /, and the sweeping rate
of peaks a, b, and c. Good linear dependence suggests that
the insertion and extraction process in the LiV,0s5 is
controlled by Li ion diffusion [27]. The Li ion diffusion
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coefficient could be obtained from Randles—Sevcik equation
(Eq. 1) [28]:

I, = (2.69 x 10°) n*>SC*Dyv'/? (1)
where n is the number of electron transfer in electrode
reaction, S is the surface area of electrode (cmz), Dy; is the
diffusion coefficient of Li" (cm? s '), v is the scan rate
(V s™h), C* is the concentration of Li" in Li;V,0s5 (about
2 Li" insertion per formula unit, shown in the following
text), 0.028 mol cm >, which is derived from the crystal
volume of 0.3547 nm®. Based on the fitting linear equations
in Fig. 8, the Li ion diffusion coefficients for peaks a, b, and
¢ could be calculated to be 8.71x107°, 1.49x 10 '°, and
1.81x107' em? 57!, respectively. The values are almost of
the same magnitude. The Li ion diffusion coefficient of
LiV,0s is a little higher than that of LiV;0g [29, 30]. It
can be close to that of V,05 [31]. Apparently, LiV,0s
nanorods here possess good Li ion diffusion ability, which
agrees well with the following electrochemical performance.
It is slightly higher than those of the common lithium
cathode materials such as LiMn,0,4 and LiFePO,4, which
have diffusion coefficients of 10°—10""" ¢cm? s™! [32] and
1072107 cm? s7" [33], respectively.

Figure 8a shows the relationship of discharge capacity
versus the cyclic numbers of LiV,05 nanorods associ-
ated with the discharge curves at different cycles. It can
be seen that the initial specific discharge capacity is
263.4 mAh g '. It was increased to 284.3 mAh g ! at
the fifth cycle, which corresponds to about 2.0 Li"
insertion per formula unit, forming Li;V,0s5. Apparent-
ly, the nanorod morphology of LiV,0s benefits the
shorter lithium diffusion path and larger contact area
between active material and electrolyte, which promises
higher discharge capacity. LiV,05 nanorods show stable
cycling performance at 15 mA g ', with a discharge
capacity of 270.2 mAh g ' maintained after 15 cycles.
The capacity retention is about 97.5% based on the
capacity at the second cycle. The electrochemical per-
formance in terms of discharge capacity and cycling stability
is much higher than that reported by Wang et al. [22], which
is probably ascribed to the different synthesis method
and the smaller crystal volume. It is well known that
the structure and electrochemical properties of vanadate
compounds are greatly associated with their preparation
approach. In their report, the initial discharge capacity
of y-LiV,05 was 259 mAh g ' in the potential range of
1.5-4.2 V. However, only 199 mAh g ' remained after 20
cycles. Load curves (Fig. 8b) indicate that the main plateau
between 2.6 and 3.8 V contains ca. 125 mAh g ' capacity
(44.6% of the total value) in the tenth cycles, which is close to
that reported by Barker et al. [23]. The slight splitting of the
plateaus at around 3.53 and 2.42 V is well consistent with the
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Fig. 4 TEM images (a—c)
and HRTEM image (d) of
as-prepared LiV,05

120 m

CV results. The energy density of electrode material is depen-
dent on the discharge capacity and the corresponding charge—
discharge plateau. Therefore, the large capacity at around
3.53 V of v-LiV,05 would greatly contribute to the higher
energy density compared to other vanadates [4, 34]. For
example, LiV;0g shows high capacity (more than 300 mAh
g '); however, its main lithium ion insertion/extraction
plateaus are concentrated between 2.0 and 3.0 V, which limits
its energy density [34].
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Fig. 5 FT-IR spectrum of as-prepared LiV,05
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The cycling performance of LiV,05 nanorod at high
current densities (50 and 300 mA g ') was investigated to
measure its rate capability (shown in Fig. 9). The discharge
capacity is gradually increased for the first several cycles at
50 and 300 mA g ', which is probably due to the enhanced
electrode polarization at high current densities. Such phe-
nomenon suggests the inferior intrinsic kinetic diffusion
ability for LiV,0s5 in the first several insertion/extraction
processes. NH4V30g also shows the enhanced discharge
capacity in our previous work [5, 35]. At 50 and
300 mA gfl, LiV,05 nanorod delivers maximum discharge
capacities of 250.1 and 202.6 mAh g™', respectively. In
comparison with that by solvothermal method [22], LiV,05
nanorod exhibits much better rate capability. After 50
cycles, the discharge capacities are decreased to 210.6 and
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Fig. 6 Cyclic voltammetry curves of as-prepared LiV,0s operated
between 2.0 and 4.0 V at various scan rates (0.1, 0.2, 0.5, and
08mVs"
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162.5 mAh g ', respectively. The capacity retention at
300 mA g ' is about 84.2% (based on the maximum capac-
ity at the fifth cycle). Generally, vanadates possess relatively
poor structure stability due to the variation of phase
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accompanied by lithium ion insertion and extraction in
different voltage ranges. Barker et al. [23] presented the
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excellent cycling performance of LiV,0s5 between 2.8 and
3.8 V. In the present work, the discharge capacity during
2.0-4.0 V (shown in Fig. 8a) also remained well over 15
cycles. However, noticeable capacity loss was found be-
tween 2.3 and 2.0 V. It suggests that poor reversibility of
lithium ion intercalation and deintercalation in such voltage
range is the main reason for capacity loss of LiV,0s.
Electrochemical performance of LiV,0Os nanorod at ele-
vated temperature was also evaluated in Fig. 9. The initial
discharge capacity is 209.1 mAh g ', a little higher than that
at room temperature. However, it is reduced to 86.4 mAh
g ! at the 30th cycle with the capacity retention of 58.7% at
55 °C. Obviously, LiV,05 nanorods demonstrate poor cy-
cling stability at high temperature. The trend is consistent
with the result reported by Barker et al. [23]. In our previous
work, poor cycling stability of Li;V,(POy); at 55 °C was
mainly ascribed to the dissolution of vanadium by means of
inductively coupled plasma (ICP) [36]. It is well known that
vanadate compounds often suffer from poor structural stability
when used as lithium intercalation due to vanadium dissolu-
tion [37]. Accordingly, we speculate that vanadium ions
would gradually dissolve in the electrolyte at elevated tem-
perature, leading to poor cycling performance. Related work is
now in progress to improve its high temperature properties.

Conclusions

In summary, y-LiV,05 nanorods were fabricated by a facile
hydrothermal method combined with a solid state reaction.
Well-defined VO,(B) nanorods were used as the precursor.
LiV,0s5 nanorods showed good lithium ion intercalation/
deintercalation ability with an Li ion diffusion coefficient
of 10 1°-107 cm? s ". It exhibited a high discharge capacity
of 284.3 mAh g~ with capacity retention of 97.5% over 15
cycles. At 50 and 300 mA g ', the discharge capacities of
250.1 and 202.6 mAh g ' were observed, respectively. It
also showed good rate capability. A new method was devel-
oped to prepare y-LiV,05 nanorods with high performance
for rechargeable lithium batteries.
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