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Abstract

The synthesis process and microstructural evolution of LiNiVO4, a potential cathode material used in lithium ion secondary
batteries, prepared by solid-state reaction have been investigated in this study. The formation processes of LiNiVO4 are character-

ized to be an initial dissociation of LiVO3
.0.5H2O to form LiVO3, followed by a subsequent reaction between LiVO3 and NiO to

produce LiNiVO4 from above 600�C. After calcination at 700�C for 6 h, monophasic LiNiVO4 has been successfully prepared.
Further raising the temperature to 800�C reduces the required heating time to 4 h. In comparison with the results in previous
reports, the heating time for synthesizing LiNiVO4 is signi®cantly reduced in the study. The microstructure of LiNiVO4 is found to

markedly depend on the heating processes. Increasing heating temperature as well as soaking time results in non-uniform micro-
structure of the specimens. In the regions having nonstoichiometric composition, the microstructure of the specimens becomes well
densi®ed and experiences exaggerated grain-growth. The above phenomena imply that liquid-phase sintering has occurred in the

above regions. # 1999 Elsevier Science Limited and Techna S.r.l. All rights reserved.

1. Introduction

Lithium ion batteries have been attracting consider-
able interest worldwide in the past few years in the ®eld
of rechargeable batteries because they posses high
energy density, long cycle life, good safety, steady dis-
charging properties, and wide range of working temp-
eratures [1±3]. Currently, possible candidates for
cathode for materials used in lithium ion batteries are
mainly based on the systems of LiCoO2, LiNiO2, and
LiMn2O4 [3]. Besides the above materials, recently
lithium nickel vanadium oxide-LiNiVO4 has been found
to be an alternative potential cathode material which
a�ords a rather high voltage (up to 4.8 V) in lithium
cells [4,5]. Using LiNiVO4 in cathodes can o�er great
promises of increasing the energy density of batteries. In
addition, LiNiVO4 exhibits an unusual inverse spinel
structure which is di�erent from the crystal structures of
other lithium-incorporated cathode materials. The high
voltage capability of LiNiVO4 might be related to its
crystal structure.

Several researchers have used di�erent types of raw
materials for preparing LiNiVO4. Bernier et al. adopted
LiVO3 and NiCO3 as raw materials, and found that
heating the mixtures at 500�C for 7 days was required
for obtaining LiNiVO4 [6]. Ito used NiO rather than
NiCO3 in the above reaction, and increased the heating
temperature up to 1000�C [7]. However, this heating
process had to progress for as long as 4 days for pro-
ducing LiNiVO4. Fey synthesized LiNiVO4 by reacting
LiNiO2 with V2O5 [8], and e�ectively reduced the
required heating temperature. Nevertheless, heating
the mixtures for 24 h at 650�C is still necessary.

Although LiNiVO4 has been successfully synthesized
in the above studies, and its electrochemical properties
have been explored, the formation mechanism and
microstructural evolution of LiNiVO4 have not yet been
thoroughly investigated. The details related to reaction
process are crucial for controlling calcination condi-
tions, as well as to obtain the monophasic compound
that has uniform microstructure and ®ne grains, which
signi®cantly in¯uence the packing density of cathodes
and electrochemical properties of batteries. Therefore,
the aim of this work is to ®rst elucidate the formation
process of LiNiVO4 in solid-state reaction. Secondly,
the optimal processing conditions are determined for
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synthesizing the pure compound. Furthermore, the
in¯uence of heating conditions on microstructure and
grain size of the obtained LiNiVO4 are also examined.

2. Experimental

Proportionate amounts of reagent-grade starting
materials Li2CO3, NiO, and V2O5 were mixed according
to the composition of LiNiVO4, followed by ball-milling
for 48 h with ethyl alcohol, using zirconia balls in a
polyethylene jar. After drying in a rotary evaporator
under reduced pressure, the starting materials of
LiNiVO4 were obtained. Because the dried powder
absorbed moisture easily, the powder was stored in a
dry box. The endothermic/exothermic reactions and
weight change of specimens of the mixed powder were
examined by di�erential thermal analysis (DTA) and
thermogravimetry analysis (TGA). After the mixed
powder was uniaxially pressed into disks under 196
MPa, the pressed disks were heated in a furnace at
temperature ranging from 400±1000�C. When reaching
the pre-set temperature, the pressed pellets were quickly
removed from the furnace and then rapidly cooled in air
to investigate the phases formed in reactions. The com-
pounds present in specimens were identi®ed via X-ray
powder di�raction (XRD) analysis using CuK� radia-
tion. For producing pure LiNiVO4 compound, calci-
nation at di�erent temperatures was also performed.
Microstructural evolution in the quenched and soaked
specimens was observed using a scanning electron
microscope (SEM) coupled with energy dispersive
X-ray spectroscopy (EDS).

3. Results and discussion

3.1. Formation process of LiNiVO4

Fig. 1 shows the DTA and TGA results of the start-
ing materials of LiNiVO4 from room temperature to
900�C. A broad endothermic peak appears from around
50�C, which is due to the desoprtion of water. A sharp
endothermic peak occurs at around 150�C, accom-
panied by a large weight loss of 6%. Following that, a
large exothermic peak is formed at around 300�C, and
several small peaks appear at around 600�C. At tem-
perature higher than 400�C, no further weight loss is
observed.

For analyzing the formation mechanism of LiNiVO4,
the starting materials were heated in a furnace and
quenched at expected temperatures. The representative
XRD patterns for the quenched specimens are shown in
Fig. 2; in addition, the variation of resultant phases
versus quenching temperatures is illustrated in Fig. 3.
As indicated in Fig. 2 (a), before heat-treatment, a small
amount of LiVO3

.0.5H2O is present with NiO in the
mixed starting-materials. The formation of LiVO3

.

0.5H2O is believed to result from the mechano-
chemical reaction between Li2CO3 and V2O5 during the
ball-milling process. Similar phenomenon was also
found in the preparation of the starting materials of
Pb(Li1/4Fe1/4W1/2)O3 [9]. After heating at 500�C, all
LiVO3

.0.5H2O has converted into LiVO3. Therefore, the
sharp endotherm at 150�C on DTA and the large weight

Fig. 1. (a) Di�erential thermal analysis and (b) thermogravimetric

analysis of the starting materials of LiNiVO4.

Fig. 2. X-ray di�raction patterns of (a) the as-prepared LiNiVO4

precursor and the precursor quenched at (b) 500�C, (c) 600�C,
(d) 700�C, and (e) 800�C, and (f) 1000�C.
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loss on TGA are attributed to the dissociation of water
from LiVO3

.0.5H2O. The exotherm at around 300�C is
caused by the combustion of polyethylene contaminant
during ball-milling, as observed in the previous study
[10]. When heating temperature reaches 600�C
[Fig. 2(c)], the phase of LiNiVO4 begins to form. Thus,
the DTA peaks appearing at around 600�C are ascribed
to the formation of LiNiVO4. As shown in Fig. 3, at
temperatures above 700�C, the amount of LiNiVO4

rapidly increases with the rise in heating temperature,
and the amount of LiVO3 correspondingly decreases. At
above 800�C, the reaction of LiNiVO4 is nearly com-
plete, and the crystal structure of LiNiVO4 is well
developed. However, a trace of NiO is coexistent with
LiNiVO4. Even at 1000�C, the formation of LiNiVO4 is
still not complete. Based on the above results, the for-
mation mechanisms of LiNiVO4 can be expressed as the
following equations:

LiVO3 �0:5H2O ÿ!150�C
LiVO3 � 0:5H2O �1�

LiVO3 �NiO ÿ!600�C
LiNiVO4 �2�

It is noted that no other intermediate compounds
except for LiVO3 exist in the formation processes of
LiNiVO4. The SEM photos of the specimens quenched
at 600 and 700�C are shown in Fig. 4(a) and (b),
respectively. At 600�C, the specimen exhibits a porous
feature. At 700�C, the microstructure of the specimen
becomes more densi®ed, and the grain size of LiNiVO4

grows to 0.5±1.0 mm.

3.2. Synthesis of monophasic LiNiVO4

As described in Section 3.1, quenching the starting
materials of LiNiVO4 at elevated temperatures results in
the formation of LiNiVO4; however, this formation is
incomplete, and a residual NiO phase coexists with
LiNiVO4. For obtaining the pure phase of LiNiVO4,
calcining the starting materials at di�erent temperatures
for various soaking time was conducted. With the
increase in heating temperature and soaking time,
the amount of NiO decreases. The XRD results of
calcined specimens are summarized in Fig. 5. When

Fig. 3. Relative percentage of resulting compounds vs quenching

temperatures for the staring materials of LiNiVO4.

Fig. 4. Scanning electron micrographs of the starting materials of

LiNiVO4 quenched at (a) 600�C and (b) 700�C.
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calcination at 600�C for 6 h, a small amount of NiO is
still present in the specimens. On the contrary, after
calcination at 700�C for 6 h, no NiO is detected, indi-
cating that the formation of LiNiVO4 becomes com-
plete. As the heating temperature reaches 800�C, only 4-h
soaking is needed to su�ciently result in monophasic
LiNiVO4. Consequently, calcination for a prolonged
period of time is found to be necessary for preparing
pure LiNiVO4. In addition, the higher the calcination

temperature, the less the soaking time is required. The
XRD pattern of the obtained pure LiNiVO4 (heated at
700�C for 6 h) is depicted in Fig. 6, and the hkl indexes
are also presented in this ®gure. The d-spacing and
intensity of each di�raction peak in the above XRD
pattern are well consistent with those reported in
JCPDS ®le no. 38-1395 [11], con®rming that a pure
LiNiVO4 compound has been synthesized. In compari-
son with the previously reported solid-state processes
[6±8], it is found that in this study the required reaction
time for preparing LiNiVO4 is signi®cantly reduced.
The high reactivity of the starting materials achieved in
this study is probably ascribed to the better degree of
mixing of the constituent species in the precursors.

3.3. Microstructure of LiNiVO4

The microstructures of the specimens calcined under
various conditions are shown in Fig. 7. As shown in
Fig. 7(a), after calcining at 700�C for 4 h, the specimens
exhibit uniform microstructure with grain size of 1.5±2.0
mm. When the soaking time is prolonged to 6 h, the
microstructure of the specimens becomes non-uniform.
In Fig. 7(b), some dark regions are found to distribute
in the matrix. The area of dark regions markedly
increases when the specimens are calcined at 800�C for
4 h [see Fig. 7 (c)]. As the 800�C-calcination is pro-
longed to 6 h, the dark regions cover most of the speci-
mens [see Fig. 7 (d)].

The di�erence between the microstructure of the dark
region and that of the matrix can be well distinguished
on SEM photos with higher magni®cation. As shown in
Fig. 8(a) for the 800�C/6 h calcined-specimens, the dark
region exhibits rather densi®ed microstructure and
experiences exaggerated grain-growth, implying that
liquid-phase sintering has occurred in this region. In the
same area, the LiNiVO4 grains exhibit ¯at morphology
with size of around 10±20 mm. On the other hand, in the
matrix region, the LiNiVO4 grains become polyhedral,
and their grain size falls between 3 and 5 mm which is
considerably smaller than that in the dark region. The
compositions of the above two di�erent regions were
determined by EDS. Due to limitation of EDX equip-
ment, lithium species could not be detected; whereas,
the ratio of nickel/vanadium was determined. It was
found that the ratio of nickel/vanadium in the matrix
region is near unity, which is consistent with the stoi-
chiometric amount of LiNiVO4; on the contrary, the
ratio in the dark region is slightly lower than unity. It is
con®rmed that the composition of the specimens in
certain regions deviates from stoichiometry, which
would induce the formation of a liquid phase. The
amount of the liquid phase is believed to increase with a
rise in heating temperature as well as soaking time;
therefore, the area of the dark region is correspondingly
increased. Consequently, the above results reveal that

Fig. 5. Formation diagram of LiNiVO4 at various heating conditions.

Fig. 6. X-ray di�raction pattern of LiNiVO4 (a) prepared at 700�C for

6 h and (b) reported in JCPDS ®le no. 38-1395 [11].
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correct heating conditions and precise control of
chemical composition are vitally required for obtaining
monophasic LiNiVO4 having uniform microstructure
and ®ne grain size.

4. Conclusions

The formation mechanism and microstructure of
LiNiVO4 prepared by solid-state reaction have been
studied. LiVO3

.0.5H2O is formed during the ball-milling
process of the starting materials of LiNiVO4, and is
subsequently dissociated to form LiVO3 at 150

�C. Then

LiVO3 reacts with NiO to generate LiNiVO4 at tem-
perature higher than 600�C. Quenching the starting
materials of LiNiVO4 at elevated temperatures can yield
a substantial amount of LiNiVO4; however, its forma-
tion is incomplete because of the coexistence of NiO. On
the other hand, calcination at 700�C for 6 h successfully
results in monophasic LiNiVO4. In addition, increasing
the calcination temperature to 800�C diminishes the
required time to 4 h. Compared with previous reports,
this study signi®cantly reduces the reaction time for
preparing pure LiNiVO4. After low-temperature calci-
nation, the microstructure of LiNiVO4 is uniform;
however, it becomes non-uniform when the specimens

Fig. 7. Scanning electron micrographs of LiNiVO4 calcined at 700�C for (a) 4 h and (b) 6 h, and 800�C for (c) 4 h and (d) 6 h.
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are calcined at high temperatures for a prolonged period
of time. The formation of the non-uniform micro-
structure is attributed to the regional compositional
inhomogeneity which results in liquid-phase sintering
and thereby causes exaggerated grain-growth of
LiNiVO4 grains.
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