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Abstract

LiNij 5sCog 5VO4 nano-crystals were solvothermally prepared using a mixture of LiOH-H,O, Ni(NOs),-6H,0, Co(NOj3),-6H,0 and NH,VO; in
isopropanol at 150-200 °C followed by 300-600 °C calcination to form powders. TGA curves of the solvothermal products show weight losses due to
evaporation and decomposition processes. The purified products seem to form at 500 °C and above. The products analyzed by XRD, selected area
electron diffraction (SAED), energy dispersive X-ray (EDX) and atomic absorption spectrophotometer (AAS) correspond to LiNij 5Cog sVO4. V-O
stretching vibrations of VO, tetrahedrons analyzed using FTIR and Raman spectrometer are in the range of 620-900 cm™". A solvothermal reaction at
150 °C for 10 h followed by calcination at 600 °C for 6 h yields crystals with lattice parameter of 0.8252 £+ 0.0008 nm. Transmission electron
microscope (TEM) images clearly show that the solvothermal temperatures play a more important role in the size formation than the reaction times.

© 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The development of new cathode materials for lithium
batteries is increasingly important due to the use of portable
electronic devices such as mobile phones, notebook computers
and cameras [1,2]. Lithium transition metal oxides have inverse
spinel structure and are very attractive for the use as cathode
materials because they are able to give a voltage of 4.8 V [2-5].
There are several methods used for the preparation of these
oxides. However, solid state reaction can lead to products with
undesired properties [5,6]. To overcome these difficulties, low
temperature wet chemistry methods have been developed [5-7].
At present, there are no reports on the preparation of
LiNig sCog sVO, nano-crystals by solvothermal reaction with
or without calcination at a variety of temperatures. Therefore, the
nano-crystal oxide was prepared by this method and character-
ized to identify phase, morphology and other properties.

2. Experimental procedure

LiNig5CoysVO,4 nano-crystals were solvothermally pre-
pared using a mixture of LiOH-H,O, Ni(NOs3),-6H,0,
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Co(NO3),-6H,O and NH4VO; in isopropanol at 150-
200 °C for 10-360 h. The products were subsequently
calcined at 300-600 °C for 6 h to form powders (Fig. 1).
They were analyzed using a thermogravimetric analyzer
(TGA) with a heating rate of 20 °C min~' in 100 m] min "
N,, an X-ray diffractometer (XRD) operated at 20 kV, 15 mA,
using the Ka line from a Cu target, a transmission electron
microscope (TEM) as well as selected area electron
diffraction (SAED) operated at 200 kV, a Fourier transform
infrared spectrometer (FTIR) with KBr as a diluting agent and
operated in the range 400-4000 cm ™', a Raman spectrometer
using 30 mW He-Ne laser with A =632.8 nm, an energy
dispersive X-ray (EDX) analyzer operated at 15 kV, and an
atomic absorption spectrophotometer (AAS) to determine
Ni:Co atomic ratios.

3. Results and discussion
3.1. TGA

Solvothermal products were analyzed using TGA. The
weight losses are shown in Fig. 2. There are two steps of weight
losses due to the evaporation of water at 38-172 °C, and the
decomposition and combustion of residual starting agents at
172-500 °C. Weight losses decreased with the increase of
solvothermal temperatures and reaction times showing that
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Fig. 1. Diagram used for preparation of LiNijsCoy5VOy.

higher temperatures and prolonged times promote the product
formation. Weight percents are constant at 500-850 °C
showing that purified products seem to form at these
temperatures.

3.2. XRD

XRD spectra of the products prepared by solvothermal
reaction with and without high temperature calcination are
shown in Figs. 3 and 4. The spectra correspond to those of
LiNig 5CoosVO, [4,5] and are very close to those of the
JCPDS standard for LiNiVO, and LiCoVO, [8]. Therefore,
the products are verified to be LiNig 5Cog 5VOy. The strongest
intensity peak diffracts from the (3 1 1) plane of the products.
The (2 2 0) peak is higher than the (1 1 1) peak showing that
the products have inverse spinel structure [2,4]. In addition,
the degree of crystallinity is improved by the higher
temperatures and prolonged times of the solvothermal
reaction, as well as the calcination temperatures. Calculated
lattice parameter of LiNiysCogsVO, prepared by 150 °C
solvothermal reaction for 10 h followed by 600 °C calcina-
tion for 6 h is 0.8252 £ 0.0008 nm [9] which is very close to
the values shown in the JCPDS standard (0.8220 nm for
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Fig. 2. TGA curves of solvothermal products prepared at a variety of tem-
peratures and times.
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Fig. 3. XRD spectra of the solvothermal products prepared at a variety of
temperatures and times.

LiNiVO, and 0.8279 nm for LiCoVQ,) [8]. It is also in
accord with those of LiNi;_,Co, VO, (0 <y < 1) which were
prepared by a solid state reaction of Li,COj3, NiO, Co30,4 and
V5,05 at 800 °C for 20 h [3]. Calculated lattice parameters of
LiNiVO4 and LiCoVO, are 0.8227 and 0.8287 nm [3],
respectively. Those of LiNiVO4-LiCoVO, solid solution are
between the two values [3]. This shows that the reaction
temperature and time have no influence on the lattice
parameter of the product.

3.3. TEM
TEM images of the products prepared under a variety of

conditions are shown in Fig. 5. The sizes of the crystals were
measured along 10 straight lines drawn in random directions.
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Fig. 4. XRD spectra of the products prepared by solvothermal reaction at
150 °C for 10 h with and without calcination at 300-600 °C for 6 h.



T. Thongtem et al./Ceramics International 34 (2008) 421-427 423

Average and standard deviation were calculated. The
solvothermal reaction at 150 °C for 10 h yielded a product
composed of very fine round crystals with size of
11.31 + 2.38 nm. When the solvothermal time was prolonged
to 360 h, the resulting crystals were almost at the same sizes
(11.44 £ 1.87 nm) and shapes. At 180 and 200 °C for 10 h, the

KPOD22 J—
X200K
zo00kvy 20 nm
(@) CoNi150

{e)

crystals are 16.19 +3.88 and 19.00 +3.97 nm in size,
respectively. This shows that solvothermal temperatures play
a more important role in the size than prolonged reaction times.
The crystals were gradually improved by a 10 h solvothermal
reaction at higher temperatures. The solvothermal reaction at
150 °C for 10 h and subsequent calcination at 300 and 600 °C

Fig. 5. TEM images of the products respectively prepared by: (a and b) 150 °C solvothermal reaction for 10 and 360 h; (c and d) 180 and 200 °C solvothermal
reaction for 10 h; (e and f) 150 °C solvothermal reaction for 10 h followed by 300 and 600 °C calcination for 6 h.
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Fig. 5. (Continued).

for 6 h, led to crystals which are much bigger in size and the
facets are clearer than the former. Sizes are 27.70 £ 9.63 and
98.44 4 29.10 nm, respectively. LiNi,Co;_,VO, (0 <y <1)
crystals which were prepared by solid state reaction of
Li,COs;, NiO, Co304 and V,05 at high temperature, showed
non-uniform sizes [10,11]. The particles were in the range of
5-30 pm depending on the Co content. They were much
larger than those prepared by the described solvothermal
reaction.

3.4. SAED

SAED patterns of the products are shown in Fig. 6. A
number of bright spots are arranged into seven concentric
rings corresponding to the diffraction planes of the
products. The crystals become larger at higher reaction
temperatures and therefore their coverage by the aperture
is lesser in number. This leads to a greater degree of
ring discontinuity. The interplanar spaces between the
diffraction planes were calculated [12] and found to be
very close to those of the JCPDS standard for both LiNiVO,
and LiCoVO, [8]. The products were identified as
LiNip 5C005sVOy4 [5] and the diffraction planes are (11 1),
(220), 311), (400), (422), (511) and (440). The
findings show that SAED and XRD analyses are in perfect
accord.

3.5. FTIR

FTIR spectra of the products prepared by solvothermal
reaction with and without calcination at high temperatures

are shown in Figs. 7 and 8. For the solvothermal reaction
alone, the product spectra show a broad band of O-H
stretching of residual water at 3070-3680 cmfl, and O-H
bending of water at 1590-1690 cm™'. N-O stretching and N—
H bending bands of residual nitrate and ammonium ions of
the starting agents were detected at 1340-1400 cm ' [13,14].
The vibrations of these bands were also detected by the
individual FTIR analysis of Ni(NO;3),-6H,0, Co(N-
03),-6H,O and NH4VO;5; (results not shown). The broad
band of V-0 stretching of VO, tetrahedrons was detected at
620-900 cm ™! [1,2,7]. When the solvothermal temperatures
and times were increased, these bands were still present. The
solvothermal reaction at 150 °C for 10 h with 300-600 °C
calcination for 6h, yielded a product with decreased
intensities of the spectra for O-H stretching and bending,
N-O stretching, and N-H bending. These signals decrease
with the increase of the calcination temperatures and no
longer exist for products with 500 and 600 °C calcination
temperatures.

3.6. Raman analysis

Raman spectra are shown in Fig. 9. Two strong peaks of
V-0 stretching of VO, tetrahedrons were detected at 814.5
and 788.1cm~' [3,4]. The first stretching frequency
corresponds to A;, symmetry [3,4]. The V-O bending of
VO, tetrahedrons was detected at 324.8 cm™' and has E,
symmetry [3,4]. Two stretching frequencies were detected at
472.9 and 405.1 cm ™! corresponding to the Li—-O-M (M = Ni
and Co) and Li-O stretching frequencies, respectively
[3.4].



T. Thongtem et al./Ceramics International 34 (2008) 421-427 425

- (311)

. -4220) / ; }00}

it \

- Ma22)

Fig. 6. SAED patterns of the products: (a and b) 150 and 180 °C solvothermal reaction for 10 h, respectively; (c) 150 °C solvothermal reaction for 10 h followed by
300 °C calcination for 6 h.

3.7. EDX and AAS analyses are in accord. In addition, the products prepared

by solvothermal reaction at 150 °C for 10 h followed by

EDX analysis shown in Fig. 10 revealed the presence 500 and 600 °C calcination for 6 h were analyzed using

of Ni, Co, V and O. Li as the lightest metallic element AAS showing that Ni:Co atomic ratios are very close to
was not detected. It indicates that EDX, XRD and SAED 1:1.
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Fig. 7. FTIR spectra of the products prepared by solvothermal reaction at a
variety of temperatures and times.
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Fig. 8. FTIR spectra of the products prepared by solvothermal reaction at
150 °C for 10 h with and without calcination at 300-600 °C for 6 h.
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Fig. 9. Raman spectra: (a) 150 °C solvothermal reaction for 360 h; (b and c)
150 °C solvothermal reaction for 10 h followed by 300 and 600 °C calcination
for 6 h, respectively.
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Fig. 10. EDX spectra of the products prepared by solvothermal reaction at
150 °C for 10 h with and without calcination at 300-600 °C for 6 h.

4. Conclusions

XRD, SAED, EDX and AAS revealed the formation of
LiNig sCoosVO, prepared by 150-200 °C solvothermal reac-
tion of a mixture of LiOH-H,O, Ni(NOj3),-6H,O, Co(N-
03),-6H,O and NH4VO; in isopropanol with and without
calcination at 300-600 °C. V-0 stretching peaks of the oxide
were detected by FTIR at 620-900 cm ™' and Raman analysis at
814.5 and 788.1 cm~'. TEM shows that the oxide is formed as
nano-crystals which sizes are much increased with the increase
of the calcination temperatures. TGA shows weight losses of
two steps at 38-172 and 172-500 °C. Weight percents are
constant at 500 °C and above.
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