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Topotactically synthesized ultralong LiV30g nanowire
cathode materials for high-rate and long-life
rechargeable lithium batteries

Xu Xu!3, Yan-Zhu Luol?3, Li-Qiang Mail?2, Yun-Long Zhao!, Qin-You An!, Lin Xub?2, Fan Hu!l, Lei Zhang1

and Qing-Jie Zhang!

High-power applications at fast charge and discharge rates are still significant challenges in the development of rechargeable
lithium (Li) batteries. Here, we demonstrate that ultralong LiV30g nanowire cathode materials synthesized by topotactic Li
intercalation are capable of excellent high-rate performance with minimal capacity loss. A specific discharge capacity of

176 mAhg ! can be obtained at the current density of 1500mAg 1, and the capacity is able to stabilize at 160 mAhg 1
after 400 cycles, corresponding to 0.025% capacity fading per cycle. For current density up to 2000 mAg 1, the initial and
the six-hundredth cycle capacities can reach 137 and 120 mAhg 1, respectively, corresponding to a capacity fading of only
0.022% per cycle. The ability to provide this level of performance is attributed to a low-charge-transfer resistance, good
structural stability, large surface area and suitable degree of crystallinity, and it indicates that LiV30g nanowires are promising
cathode materials for use in high-rate and long-life rechargeable Li batteries.
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INTRODUCTION
With the rapid development of mobile devices and electric vehicles,
rechargeable Li batteries are widely considered to be some of the most
promising rechargeable batteries.'> However, the low-power density
caused by the low Li ion, and electron transport speed has limited
their practical high-power applications. An ideal cathode material for
high-rate rechargeable Li batteries should have a high electrical
conductivity for fast electron transport, short diffusion distance for
fast Li ion migration and a large surface area.* Nanowires can have a
tremendous impact in many areas,” 10 and for Li batteries, nanowire
electrodes have attracted much attention because of their short Li ion
diffusion pathway, large electrode—electrolyte contact area and good
strain accommodation.!~1

LiV3Og is considered to be an ideal cathode material because of its
high-specific capacity, good structural stability, low cost and good
safety features. It has been reported that its electrochemical perfor-
mance is greatly influenced by the morphology and synthesis
method.'®" During the past 30 years, many methods have been
proposed to improve the electrochemical properties of LiV3Og with
different morphologies.?*3¢ However, LiV3Og nanowires with large
aspect ratios and surface areas, which are supposed to have a desirable
high-rate performance when used as the cathode material in

rechargeable Li batteries, have rarely been reported.?? H,V;Og
(reported as V307 -H,O; however, from a structural point of view,
the formulation H,V30g is more appropriate than that of
V307-H,0%7) nanowires were reported to have a particularly
ultralong one-dimensional morphology and a layered crystal
structure similar to LiV30g3® which allow the topotactic Li
intercalation to form LiV30g. This means that the resulting LiV30g
will generally maintain the ultralong morphology and have a large
surface area and a short Li ion transport pathway, which are crucial
for producing an acceptable high-rate performance. Moreover, the
intercalation of settled Li ions in the layers of the LiV;Og structure
makes the structure more stable during the charge—discharge process.
In the present work, based on the topotactic intercalation mechanism,
we proposed a facile and mass-produced route to synthesize ultralong
LiV30g nanowires with excellent high-rate and long-life performance
to serve as the cathode material in rechargeable Li batteries.

MATERIALS AND METHODS

Materials

For typical synthesis, V,0s, LiOH - H,O, aniline, alcohol and polyethylene
glycol (MW, 4000) were analytical reagent grade and purchased from the
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Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). All chemicals were
used directly without any purification.

Methods

The ultralong LiV3;0g nanowires were prepared in two steps. First, the single-
crystalline H,V3;0g nanowires were synthesized by a hydrothermal method
according to our previous work.>® Second, the obtained H,V3;Og nanowires
and LiOH - H,O (V/Li= 3:1.05) were mixed in alcohol and stirred for 5h to
obtain a homogeneous mixture. Finally, the mixture was heated at 80 °C to
allow the alcohol evaporation and then annealed at different temperatures
(400 °C, 450 °C and 500 °C) for 10h to obtain a brown powder.

Characterization

An X-ray diffraction (XRD) measurement was performed to investigate the
crystallographic information using a D8 Advance X-ray diffractometer with a
non-monochromated Cu Ko X-ray source. Field-emission scanning electron
microscopy images were collected with a Hitachi S-4800 at an acceleration
voltage of 10kV. Transmission electron microscopy and high-resolution
transmission electron microscopy images were recorded with a JEM-2100 F
STEM/EDS microscope. Brunauer—Emmet—Teller surface areas were measured
using a Gemini 2360 instrument to measure the adsorption of nitrogen
at —209°C.

Electrochemical measurement

The electrochemical properties were tested with 2025 coin cells assembled in a
glove box filled with pure argon gas. Lithium pellets were used as the anode,
1™ solution of LiPFg in ethylene carbon /dimethyl carbonate was used as the
electrolyte, and the cathode electrodes were produced with 70% LiV;Og
nanowire active material, 20% acetylene black and 10% poly(tetrafluoroethy-
lene). Galvanostatic charge/discharge measurement was performed in the
potential range from 4.0 to 1.5V vs Li/Li ™ with a multichannel battery testing
system (LAND CT2001A). Cyclic voltammetry and AC-impedance spectra
were tested with an electrochemical workstation (Autolab PGSTAT 30 and
CHI 760D).

RESULTS
Characterization of LiV;0g nanowires
To determine the phase structures of the products, XRD measure-
ments were conducted. The XRD patterns in Figure la show that the
as prepared LiV30g nanowires at calcination temperatures of 400 °C,
450 °C and 500 °C (defined as samples 400, 450 and 500, respectively)
can all be indexed to a monodlinic structure phase (JCPDS No.
01-072-1193). A small amount of impurity phase Liy;V,05 was
detected, which is attributed to the low reaction temperature. The
Lig3V,0s5 impurity has also been reported in many other synthesis
methods.!®1%3%40  Although the samples annealed at different
temperatures have consistent peak locations, the peak intensity
distributions are different. It has been reported that the crystallinity
of LiV30g increases as the values of I(100)/1(003) and 1(100)/1(020)
increase.*1*? The relative intensity ratios of 1(100)/1(003) and 1(100)/
1(020) calculated from the XRD data are listed in Table 1. It is clear
that the crystallinity of the nanowires increases with the calcination
temperature.*3

Figure 1b shows a scanning electron microscopy image of the
precursor H,V30g nanowires with a channel structure, which have a
diameter of 100-200 nm and a smooth surface. The XRD pattern and
transmission electron microscopy image of H,V3;Og nanowires are
presented in the Supplementary information (Supplementary Figure
S1). Figures lc—e are the scanning electron microscopy images of
samples 400, 450 and 500, respectively. The LiV3Og generally
maintained the nanowire morphology of the H,V3;Og precursor,
and the length reached hundreds of micrometers (Supplementary
Figure S2). The transmission electron microscopy image of sample
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450 is shown in Figure 1f, which contains two nanowires with similar
diameters. The single-crystal nature of each LiV3Og nanowire was
confirmed by selected area electron diffraction analysis in which the
diffraction spots matched the [001] lattice direction.

Electrochemical property comparison of LiV;0g nanowires
prepared at different calcination temperatures
Cyclic voltammetry results for samples 400, 450 and 500 are shown
in Figure 2a. The voltammograms were measured at a sweep rate of
0.1 mV s ~! in the potential range from 4.0 to 1.5V vs Li/Li * at room
temperature. It is obvious that sample 450 has a larger curve area
and a higher redox peak current than those of samples 400 and
500, suggesting that sample 450 has the highest capacity and the
fastest kinetics for Li ion insertion/extraction.*"** Sample 450 is used
as an example to explain the electrochemical process. All of these
peaks originate from the phase transitions between Lij, ,V3Og
components with different x values (0<x<3). The peaks at 2.68V
and 2.57V correspond to Li ion insertion in the empty tetrahedral
site to perform a single-phase reaction. It is obvious that the current
of these insertion peaks is almost the same as those of the other
samples. This phenomenon can be explained as follows: in the initial
period, the empty Li ion diffusion paths and tetrahedral sites are
convenient for the insertion of Li ions. Then, the further insertion of
Li ions into tetrahedral sites leads to a two-phase transition from
LizV30g to LiyV30g at 2.36 V. The peak at 2.06 V can be attributed to
the last step, in which a slower kinetic insertion process occurs as the
single-phase transition.!” The cathodic peaks at 2.5V and 3.54V
belong to the impurity phase Lig3V,0s.!° Figure 2b displays the
initial charge—discharge curves of LiV3;Og nanowire cathodes at
the current density of 20mAg~!. Sample 400 shows the highest
discharge capacity of 318 mAhg~!, which may be attributed to
the low crystallinity.?” Three discharge plateaus located at ~2.85V,
2.60V and 2.20'V can be identified as resulting from the single-phase
insertion process, the two-phase transformation from Li3V3Og to
Li4V304 and the slower kinetic insertion process, respectively.424>46
The initial discharge capacities at different current densities
are compared (Figure 2¢). It can be clearly seen that sample 450
exhibits the highest capacities at the current densities from 50 to
600mA gL

Figures 2d-f are the primary cycling performance comparison of
three samples at the current densities of 20, 50 and 100 mA g~}
respectively. At the current density of 20mAg~!, sample 400
exhibited the best performance during the 20 cycles. At the current
density of 50mA g~!, the initial discharge capacity of samples 400,
450 and 500 were 277, 287 and 283 mAhg_l, respectively. The
discharge capacities decreased to 239, 262 and 244 mAh g ~! after 50
cycles, corresponding to the capacity retention of 86.05%, 94.63% and
86.21%, respectively. It is obvious that sample 450 exhibited the
highest capacity and best cycling performance. The quick capacity
decline of sample 400 may result from the low crystallinity, which is
unable to support the intercalation and deintercalation process,
leading to structure degradation. As a result, some Li ions are bonded
to oxygen and cannot be completely extracted, resulting in the loss of
capacity.?’ Sample 500 also exhibited a lower discharge capacity and a
larger capacity loss because of its large size, which increased the
energy barrier for Li ion diffusion. The performance at a current
density of 100mAg~! also displayed a similar behavior to that at
a current density of 50mA g~ Interestingly, during the first several
cycles, the capacities decreased rapidly, then recovered cycle by
cycle and finally stabilized. It has been reported that at a high
current density, the initial capacity fading can be attributed to active
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Figure 1 Phase, morphology and structure characterization. (a) X-ray diffraction patterns of LiV30g nanowires. (b—e) Scanning electron microscopy images of
precursor H,V30g nanowires and LiV30g nanowires at 400°C, 450°C and 500°C, respectively. (f) Transmission electron microscopy image and selected area

electron diffraction pattern (inset) of LiV30g nanowires prepared at 450°C.

Table 1 Relative intensity ratios and BET surface area of LiV30g nanowires

Sample 1(100) 1(003) 1(020) 1(100)/1(003) 1(100)/1(020) BET surface area
400°C 1738 572 117 3.04 14.85 8.25m2g-1
450°C 2795 706 156 3.96 17.92 9.99m2g-!
500 °C 6731 574 177 11.73 38.03 5.08m2g-1

Abbreviation: BET, Brunauer—-Emmet-Teller.

material dissolution, passive film formation and loss of electrical
contact.202747 Ag the number of cycles increases, the passive film on
the nanowire surface becomes stable, which would prevent further
dissolution of the nanowire. At the same time, more active materials
would participate in the electrochemical reaction, resulting first in an
increase and then a stabilization of the capacity. This behavior became
more noticeable during the following tests performed at higher
current densities.

High-rate performance of LiV30g nanowire cathodes

In this work, ultralong LiV3;Og nanowires were designed to obtain a
cathode material with a desirable high-rate performance. Sample 450
was found to have the best electrochemical performance, so it was
chosen to investigate the high-rate performance. The battery was
charged and discharged at different rates ranging from 50 to
1000mA g~! (Figure 3a). The LiV3;0g nanowire cathode delivered
the discharge capacities of 279, 269, 253, 237, 222, 211 and
196 mAh g*1 at current densities of 50, 100, 200, 300, 400, 500

and 600mAg~!, respectively. Remarkably, even after 70 cycles, the
capacity at the current density of 1000mAg~! still reached
160mAhg~!. In addition, after this high-rate measurement, the
battery with the LiV30g nanowire cathode was able to supply a high
capacity of 269 mAhg~! at 50mAg~!. This performance indicates
the excellent structural stability and the resulting high reversibility of
LiV3;0g nanowires.

The high-rate capability of the LiV3;Og nanowire cathode was
further studied (Figure 3b). Both of the specific discharge capacities
decreased suddenly during the initial stage and then increased. The
initial specific discharge capacities were 176 and 137 mAhg~! at the
current densities of 1500 and 2000mA g !, respectively. After 400
cycles, the capacity at 1500mAg~! decreased to 160 mAhg~!,
corresponding to a capacity fading of 0.025% per cycle. After
600 cycles, the capacity at 2000mA g ! decreased to 120 mAhg~},
corresponding to a capacity fading of 0.022% per cycle. Meanwhile,
the coulombic efficiencies both stayed at ~100% in the overall
battery operation, indicating good reversibility.
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Figure 2 Electrochemical properties of LiV30g nanowires prepared at different calcination temperatures. (a) Cyclic voltammetry curves at a sweep rate of
0.1mVs~1 in the potential range from 4.0 to 1.5V vs Li/LiT. (b) The initial charge-discharge curves at the current density of 20mAg~1. (c) The initial
discharge capacities at different current densities. (d-f) The cycling performance at the current densities of 20, 50 and 100 mAg~!, respectively.
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Figure 3 High-rate performance of the LiV30g nanowire cathode.
(a) Discharge capacities of the LiV30g nanowire cathode at various current
densities from 50 to 1000mAg~!. (b) Charge—discharge cycling test of
the LiV3Og nanowire cathode at high current densities of 1500 and
2000mAg-1.
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LiV30g cathode materials have been widely investigated in recent
years. Liu et al.?> prepared LiV3Oy single-crystal nanorods by using a
hydrothermal method combined with a solid-state method, which
presented a high-specific discharge capacity of 236 mAhg~! at a
current density of 100mA g ! after 100 cycles. LiV30g nanomaterials
have also been prepared by freeze-drying combined with an argon-
atmosphere post-treated method, and the resulting nanomaterials
exhibited a very high insertion capacity of 347 mAhg~! at a current
density of 50mAg~!. Even after 60 cycles, a discharge capacity of
351 mAhg ! was obtained.?’” In spite of its remarkable capacity, the
high-rate performance has rarely been studied. The highest reported
current density was 1000mA g ~!, and the LiV30g cathode showed a
capacity of 158 mAhg~! after 100 cycles, with 0.23% capacity fading
per cycle.!® A similar result was also obtained at this current density.
Compared with the reported LiV3;Og cathodes, the as prepared
ultralong LiV30g nanowire cathode demonstrates a better high-rate
performance. Moreover, the 400 cycles at 1500 mA g ~! and 600 cycles
at 2000 mA g ~! with minimal capacity loss that were achieved with
the LiV30g nanowire cathode indicate the very long life of the
batteries. Such performance is comparable to other layered metal-
oxide materials and indicates that the LiV30g nanowire cathode is a
promising candidate for use in high-rate and long-life rechargeable Li
batteries.*8-51

DISCUSSION

Calcination temperature has a significant impact on the nanowire size
and space between the nanowires, which were reported to greatly
influence the electrochemical performance of this material, especially
for the high-rate charge/discharge process.!>? It was found that
450°C is the best calcination temperature, which may result from the
fact that this temperature produces the most suitable degree of
crystallinity and the resulting highest surface area (Table 1). A low
degree of crystallinity of the electrode material is good for the
capacity, and a high degree of crystallinity is good for the structural
stability and the cycling performance, so identifying the most suitable
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Figure 4 Crystal structure transformation from H,V30g to LiV30g,

degree of crystallinity is important for maximizing the overall
performance of the electrode materials. A large electrode surface area
can lead to a large electrode—electrolyte contact area, which will
improve the high-rate performance. For sample 400, the nanowires
had a low degree of crystallinity, and they aggregated. The space
between the nanowires was limited, and the Brunauer—Emmet—Teller
surface area was 8.25m?g 1. For sample 450, the crystal reorganiza-
tion (according to the lowest-energy principle) was the dominant
process causing the product to be in a more stable state. During this
process, the volume decreased, leading to a larger space between the
nanowires and a higher Brunauer—-Emmet-Teller surface area of
9.99m?g !, which was the highest for the three samples and also
higher than the Brunauer-Emmet-Teller surface areas of all the
reported LiV3Og cathode materials.'®?>*” When the calcination
temperature increased to 500 °C, nanowire crack/growth became the
dominant process, and the crystallinity increased substantially, which
resulted in a lower surface area of 5.08 m?g ~!. This conclusion can be
confirmed by the XRD analysis and the calculated crystallinity result,
indicating that the crystallinity increased only slightly from 400 to
450 °C but increased dramatically from 450 to 500 °C.

The precursor has a significant impact on the morphology,
structure and electrochemical performance of the resultant nanoma-
terial. V,05 nanowires have previously been used as a precursor to
synthesize LiV3Og nanomaterial.’> However, the uniform nanowire
morphology of V,05 was destroyed because there was a significant
crystal structure change between the precursor V,05 and the resultant
LiV3;0g4. The concept of a topotactic intercalation mechanism was
suggested to describe the formation of the Li;MnP, phase from the
MnP, phase through the insertion of Li ions,”> which means that
there are definite crystallographic relationships between the reactant
and the product. Thus, we can obtain a product with a minimal
change in structure and morphology from the reactant.>*>¢ In this
work, the structure of the LiV30g product is made up of V3Og layers
consisting of VOg octahedra and VOs distorted trigonal bipyramids
interconnected with each other.!¢ To realize the topotactic synthesis of
LiV30g nanowires with a desirable high-rate performance, H,V3;O0g
nanowires were chosen as the precursor. The nanowire structure also
contains a layer structure composed of V3Og layers consisting of VOg
octahedra (V(1)Og and V(2)Og) and VOs trigonal bipyramids
(V(3)Os) in which V(3) was assigned to V> and V(2) was likely
V4+.37 The crystal structures of LiV;0g and H,V3;0g are shown in
Figure 4. The arrangements of VO polyhedra are similar, and the V303
layers are separated and stack along the a-axis in both structures.
During the reaction with LiOH - H,O, the Li ions can topotactically
insert into the octahedral sites of H,V3Og without significantly
changing the crystal structure. This may be the reason why LiV3Og
can generally maintain the nanowire morphology of H,V30Os.

The reaction process between H,V30g and LiOH-H,O is pre-
sumed to occur as follows: after stirring in alcohol, H,V3Og and
LiOH - H,O close contact with each other. LIOH - H,O has a lower
melting point, so it acts as a diffusion medium and spreads over the
surface of the H,V30g nanowires as a result of Brownian motion.
Because of the existence of the concentration gradient and the
principle of minimum energy, Li ions diffuse into the H,V3Og
nanowires and occupy the octahedral sites. Meanwhile, the V4+ in
V(2) is oxidized to V>* via the reaction with oxygen. The reaction
equation is as follows:

4H2V303(S) + 4LiOH - HzO(S) + Oz (g)

Although both materials have similar layered structures, the presence
of settled Li ions in the layers of the LiV3Og structure has a significant
impact on the structural stability during the charge—discharge process,
which gives it a better electrochemical performance than H,V;O4
(Supplementary Figure S3). At the current density of 100 mA g !, the
initial discharge capacities were almost the same. However, after
30 cycles, the discharge capacity of LiV3Og nanowires reached
265 mAh g !, whereas the capacity of H,V3;0g nanowires was only
188 mAhg L. As the current density increasing to 500 mA g !, the
initial discharge capacities were 201 and 151 mAhg !, respectively.
After 200 cycles, the capacity of the LiV;0g nanowire cathode was still
173mAhg~!, but the capacity of H,V;Og nanowires was only
146 mAh g 1. The better battery performance of LiV3;Og nanowires
can be attributed to two factors. First, in LiV3Og, Li ions occupy the
octahedral sites and form ionic bonds with the V;Og layers, which
make the layered structure to be more stable than H,V30g during the
charge/discharge process. Second, LiV30g has lower charge transfer
resistance than H,V30g, which is proved by the electrochemical
impedance spectrometry test and the simulation results (Supple-
mentary Figure S4). The charge transfer resistance (R of LiV;Og is
218 Q, much lower than the value of 597 Q for H,V30Og, which may be
caused by the presence of Li ions in the LiV3Og structure.

CONCLUSIONS

In summary, ultralong LiV3;0g nanowires have been synthesized by
topotactic Li intercalation in H,V30g nanowires. The LiV3;Og
nanowire cathode showed excellent high-rate performance. A specific
discharge capacity of 137mAhg~! can be obtained at a current
density of 2000mAg~!, and the capacity is able to stabilize at
120mAh g ~! even after 600 cycles, corresponding to 0.022% capacity
fading per cycle. The excellent performance can be attributed to the
low-charge-transfer resistance, good structural stability, large surface
area and suitable degree of crystallinity. The good electrochemical
performance of the ultralong LiV3Og nanowire cathode indicates its

)
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potential application in high-rate and long-life rechargeable Li
batteries.
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