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ABSTRACT

Lithium vanadium oxide has been synthesized as an anode material for lithium ion batteries by spray
pyrolysis technique. The precursor prepared by spray pyrolysis is sintered at 1000°C under 10% H,/Ar
atmosphere.

Highly crystallized hexagonal lithium vanadate, Li;+,VO,, is obtained without any impurities. The prod-
uct has mean particle size of 7-8 pm. Lattice parameters of as-prepared powders vary largely according
to Li/V ratio. The powder having the lowest c/a ratio shows the largest discharge capacity. Optimum x
value is 0.2 in the view point of the discharge capacity (294 mAh g-') and the cycle retention (>90%, after
25 cycles).

Structural change of as-prepared lithium vanadate is investigated by ex situ X-ray diffraction analysis
on charged electrodes at various state of charge (SOC). Lithium vanadate undergoes two step phase
transition during charging process and its main peak gets broader as the charge state gets higher. This
peak broadening is explained by the breaking down of particles at high SOC.

Spray pyrolysis technique

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Recently many researchers and manufacturers in lithium ion
battery field pay attention to alternative power sources for auto-
mobile and energy storage systems for power grids and renewable
energy systems [1]. Generally, those applications require higher
energy than mobile electronics need. Higher energy applications
translate into higher battery capacities. However, as the bat-
tery capacity increases safety requirements for battery chemistry
quickly become crucial. Therefore, most popular chemistries used
in today’s mobile electronic devices may not allow scaling up bat-
tery dimensions and new, safer chemistries are being sought.

Transition metal oxides have been surveyed for many years as
lithium ion battery anode materials. The types of these anode mate-
rials are classified into two groups: (1) decomposition compounds,
SnO and CoO and (2) insertion or intercalation compounds, typi-
cally LizTis 043, LiVO,. Many researchers have investigated various
transition metal oxides having high capacity, typically decomposi-
tion compounds [2,3]. These transition metal oxides are candidates
for high capacity applications, but exhibit poor capacity retention
and rate-capability speculated by large volume change associated
with charge/discharge [4].
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Meanwhile, insertion compound such as Li4Tis 01, has excellent
cycling capability but relatively low discharge capacity compared
with graphite anode material. Particularly, fairly high discharg-
ing voltage characteristic at approximately 1.5V (vs. Li/Li*) can
improve the battery safety but reduces the cell voltage [5,6].

To overcome these limitations, it is necessary to find the new
insertion compound with higher capacity and lower discharge volt-
age than Li4TisOq,. Lithium vanadate has layered structure with
hexagonal system and about 260 mAhg-! at first discharge and
relatively low discharging voltage profile (<0.4V vs. Li/Li*). More-
over lithium vanadate makes a composite easily with commercial
graphite anode due to similar voltage characteristics, and then this
composite has higher volumetric energy density and better safety
of the battery [7]. Previously reported Li; V905 has been synthe-
sized by solid state reaction of lithium carbonate and vanadium (III)
oxide [8].

In this study, Lij+xVO, (x=0.00-0.35) has been synthesized by
spray pyrolysis. The spray pyrolysis technique is very competitive
method to prepare intermediate compounds with high homo-
geneity. Vanadium (V) oxide was selected as a raw material for
vanadium source in the view point of cost effectiveness. By applying
spray pyrolysis, authors were able to use the high oxidative metal
source, Vanadium (V) oxide. The effects of extra lithium (x) in the
crystal structure on the structure, the morphology, and the elec-
trochemical characteristics of Lij+xVO, anode material have been
investigated.
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Fig. 1. Spray pyrolysis synthesis diagram of lithium vanadate anode material.

2. Experimental

The experimental setup of spray pyrolysis for Li and V interme-
diatesis presented in Fig. 1. Spray pyrolysis technique is well known
for the preparation of homogeneous mixtures or intermediates for
starting materials. Vanadium (V) oxide (V,0s, Aldrich 99.5%) and
lithium hydroxide (LiOH, Aldrich 99%) were used as starting mate-
rials. The precursor solution was prepared by dissolving lithium
carbonate and vanadium (V) oxide in distilled water. The overall

solution concentration of Li, V. components was 1 M. This prepared
solution was poured into the ultrasonic nebulizer directly in order
to create the minute droplets. The bubbled precursor was carried
by 10% H,/Ar gas into the vertical tube furnace at various tem-
peratures, 800-1050°C. The as-prepared power was obtained by
posttreating of precursors at the temperature range of 800-1050°C
for 10 h under 10% H,/Ar atmosphere.

Powder X-ray diffraction (XRD) patterns were obtained with
a D8-Brucker diffractometer equipped with monochromated Cu
Ko radiation (1.54056 A). Powder morphology was characterized
by using Field Emission Scanning Electron Microscope (FE-SEM),
JEOL JSM-7000F. The composite anode electrode was prepared
by mixing of Li1+,VO, powder, a carbon additive (Super-P), and
poly(vinylidene difluoride) (PVDF) as abinder by 80:10:10 wt. ratio.
Mixed slurry was coated on the piece of Cu foil followed by vacuum
drying at 80 °C and pressing. 2032 coin-type half cells were fabri-
cated with the composite electrodes. Li foil was used as a counter
and reference electrode. The electrolyte solution was 1M LiPFg in
3:7 mixture by volume of EC/DEC. Galvanostatic charge/discharge
cycling was performed using a TOSCAT 3100 (Toyo) cycler using
constant current (CC) mode and constant current/constant voltage
(CCCV) mode.

In this paper, lithiation is expressed as charge, whereas de-
lithiation as discharge.

3. Results and discussion

The intermediate precursor prepared by spray pyrolysis has
spherical shape and uniform particle size distribution. The mean
size of final product Li;+,VO, (x=0.00-0.35) powders measured
from FE-SEM images were about 5-15 pm. Their morphologies are
very similar to layered lithium transition metal oxide, specially
LiCo0O,, as shown in Fig. 2.

Lithium vanadium oxide has hexagonal structure with succes-
sive layers of vanadium, oxygen, and lithium ions. Powder XRD

Fig. 2. FE-SEM images of the lithium vanadate powders: (a) lithium vanadate precursor material with spherical morphology by spray-pyrolysis and (b) the prepared lithium

vanadate powder at 1000°C.
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Fig. 3. Powder X-ray diffraction patterns of the prepared Li;+xVO, powders accord-
ing to Li/V ratio: (a) 1.00, (b) 1.20, (c) 1.25, (d) 1.30, and (e) 1.35.

patterns of as-prepared anode materials are represented in Fig. 3.
Excess Li ions (x) in Lij+xVO, materials are easily doped into the
structure in the range of 0.0<x<0.3 and show high crystalline
structure without any other impurities. When the value of x exceeds
0.3, an additional phase starts growing indicated by main peak sep-
aration (20=17.98, 18.56) in Fig. 3(d). In case of the highest Li/V
ratio (x=0.35), the impurity is identified as a Li3VO4 phase shown
in Fig. 3(e).

Table 1 shows lattice information and electrochemical prop-
erties of various Lij+VO; (0.00 <x<0.35). While the lattice a
increases smoothly as x amount increases, the lattice ¢ decreases
initially and then increases in the range of 0.0 <x<0.25. The lat-
tice ¢ has a minimum value of 14.693 at x=0.2. This behavior is not
fully understood currently. One possible postulate is that this struc-
tural variation is caused by excess Li ions which exist in distorted
tetrahedral Li site and/or in octahedral vanadium site [9]. Further
investigation is necessary to clarify this issue.

The relationship between lattice parameter, especially c/a ratio,
and the first discharge capacity is represented in Fig. 4. As-prepared
Li; 20VO, with about 5.15 in lowest c/a value level has the high-
est discharge capacity. It is suggested that excess Li ions up to 20%
level enhance the Li intercalation/de-intercalation kinetics at tetra-

Table 1
Lattice parameters and electrochemical characteristics of as-prepared Lij+xVO;
(x=0.00-0.35)/Li coin cell during first cycle.

Li/V Lattice parameter (A) 1st capacity (mAhg1)
a c cla Discharge Efficiency
(mAhg™) (%)
1.00 2.83¢ 14.84¢ 522 32 46
1.05 2.84¢ 14.76¢ 5.198 92 64
1.15 2.845 14.713 5.168 232 73
1.20 2.853 14.695 5.14g 246 77
1.25 2.854 14.723 5.16¢ 212 70
1.30 2.89, 14.70; 5.085 128 66
2.83; 14.62¢ 5.167
1.35 2.853 14.699 5.15; 156 61
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Fig. 4. Relationship between the lattice parameter c/a value of the prepared lithium
vanadate powder and first discharge capacity according to Li/V.

hedral site in the layered structure, but additional Li more than 20%
induces less utilization of lithium by decreased electrochemically
active Li site at fully charged state, Li;VO,.

Lithium vanadium oxide has very low and flat charge/discharge
voltage profiles compared with other metal oxides having insertion
reaction characteristic [8]. To elucidate this difference clearly, the
differential capacity plot of as-prepared Li; ,0VO, material is shown
in Fig. 5. The large redox couple peaks at the first cycle appear in
about 0.1V (vs. Li/Li*) on charging and 0.35V on discharging. This
voltage difference at the first cycle decreases at following second
cycle from 0.25V to 0.11V.

The irreversible peak is appeared at approximately 0.48V (vs.
Li/Li*) during the first charge and disappeared during follow-
ing discharge. Kim and co-authors reported that this irreversible
plateau is related to formation of SEI layer on the anode surface
[8].

Fig. 6 shows typical charge/discharge profiles and the cycle life of
as-prepared Lij 9VO, materials. As-prepared Li; 590VO, (a) exhibits
the typical large reversible potential plateau around 0.1 V (vs. Li/Li*)
on charging and 0.3V on discharging. During the first cycle, dis-
charge capacity of as-prepared Li;,oVO; is about 294 mAhg-!
under CC-CV condition and 246 mAh g~! under CC condition. The
capacity retention of as-prepared Liq ;9VO> is quite poor under CC
condition; meanwhile it is improved markedly under CC-CV con-
dition as shown in Fig. 6(b). Although its cycling performance is
enhanced, charge/discharge coulombic efficiency is very poor and
not improved in 25 cycles. This low coulombic efficiency is resulted

-
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Fig. 5. Differential capacity plot of lithium vanadate/Li cells with potential range of
0.008-2.0V (vs. Li/Li*) and a current density of 20mAg-" (0.1 C).
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Fig. 6. Electrochemical characteristics of lithium vanadate anode material with 1.20
Li/V ratio: (a) first charge/discharge profiles and (b) cycleability with potential range
0f 0.008-3.0V (vs. Li/Li*) and constant current (0.1 C) constant voltage (10% cut-off)
(CCCV) condition.

from the side reaction between charged material and electrolyte
solution.

Liang’s group reported very high discharge capacity of MoO,
(484 mAhg-1) in the voltage range between 0.008 V and 3.0V, but
charge/discharge efficiency is hardly achieved close to 100% after
13 cycles [10,11]. This result could be explained by “electrochemi-
cal grinding” phenomenon that the MoO, powder breaks down to
the smaller particles in high concentration of Li. As MoO, mate-
rial, Li; 20VO, powder might break down to the smaller particles in
charged state as shown in Fig. 7. This surface change contributes to
the cycling efficiency which was not able to reach 100%. Increased
surface area causes increased side reaction between electrode and
electrolyte solution at charged state.

To confirm “electrochemical grinding” postulate, ex situ XRD
analysis of Lij 59+5VO, anode electrode was performed at various
depths of charge. Intensity of (0 0 3) main peak in Li; 59.5VO, mate-
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Fig. 8. Structural change of charged lithium vanadate powders according to depth
of charge: (a) ex situ X-ray diffraction patterns and (b) ex situ condition and open
circuit voltage at each step in first charging profile.

rial diminishes about 1/15 scale from bare material and new peaks
appear when the electrode is charged down to 0.1V (vs. Li/Li*) as
showninFig. 8. The original main peak and other two new peaks are
assigned to hexagonal system with 260 =17.8° (phaseI), 17.2° (phase
I1), 16.8° (phaseIII). From theoretical calculation, volumetric change
from phase I to Ill is about 25.5% [8]. The relationship between main
XRD peak variation and powder morphology in charged electrode
is shown in Fig. 9. Particle size of as-prepared Liq oVO5 (Fig. 9(b)) is
around 5-15 pm. The morphologies of charged electrodes (Fig. 9(c)
and (d)) are quite different from bare-electrode (Fig. 9(b)) those
morphologies look quite similar to the diagram shown in Fig. 7.

(b)

Fig. 7. Conceptional diagram of the morphology change in Lithium vanadate particle during Li intercalation process: (a) fresh Li; 20VO, particle and (b) Li-intercalated

Lij 20+5VO>.
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Fig. 9. Relationship between the structural changes of charged lithium vanadate
and FESEM images of the charged electrode: (a) main peak split and change in ex
situ X-ray diffraction patterns, (b) fresh electrode with notation (1), (c) charged
electrode with notation (4), and (d) charged electrode with notation (6).

Dahn et al. reported the structural changes of layered Li;+,NiO;
(¥>0) by in situ XRD analysis [12]. During a constant current dis-
charge the Bragg peaks of LiNiO, phase did not shift in angle, but
decreases in intensity while peaks from a new phase appeared
and grew. Lij2+,VO, (¥>0) shows similar structural changes as
Lij+yNiOy (y > 0) during lithium intercalation into the structure.

Large volume expansion of Li;.«VO, induces particle fracture
during Li intercalation into the structure. Smaller particles cre-
ated by this electrochemical grinding may enhance Li ion diffusion
as well as capacity utilization. But the coulombic efficiency is
decreased because of the side reaction. Proper control of surface
area is critical to commercialize Li1+xVO,.

4. Conclusion

Li1+xVOy (x=0.00-0.35) anode materials having high crys-
tallinity and micron-sized primary particles were successfully
synthesized by using the spray pyrolysis technique followed sinter-
ing at 1000 °C under 10% Ar balanced H; atmosphere. The Lij 59VO,
product shows reversible discharge capacity of 294mAhg-! at
0.1C at the first cycle and good capacity retention of 90% after
25 cycles. The phase transition is observed during the Li interca-
lation of Liy 9VO,. This series of phase changes affects the volume
expansion which causes electrochemical grinding. Small particles
and large surface area generated by “electrochemical grinding”
enhance the diffusion of Li ion as well as the capacity utiliza-
tion in early stage of cycle. These results suggest that lithium
vanadate can be considered as an alternative anode material for
lithium ion batteries with proper control of surface morphol-

ogy.
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