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Abstract

Li11xV3Og is a very promising cathode material for lithium secondary batteries. A novel technique has been developed to prepare
Li1+xV30g. The 105 sol is prepared via a “quencher” method by NKD3 as the raw material. Then it is mixed with LiOH solution. The
spherical precursor is obtained by a spray drying method. SpherigaM4Og powders are synthesized by sintering the spherical precursor.
DTA/TGA is employed to analyze the precursor. The influences of the preparing conditions including initial ratio of Li/V, sintering time
and temperature on crystal structure and electrochemical performance have been investigated. As a resuyly,$f0g barticles obtained
by sintering at 350C for 24 h are fine, spherical, narrowly distributed, well crystallized and having excellent electrochemical properties.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Lithium secondary batteries; 1i,V30sg; Spray drying; Spherical

1. Introduction long speeding time. The electrochemical performances of
the products are not satisfied.
Lithium vanadium oxide, Li;,V3O0g is possessed of ex- Recently, some new synthesis methods have been used to

cellent properties as the cathode materials for lithium sec- prepare the Li, ,V30s. One of them is reported by Pistoia
ondary batteries. The crystal structure of LiV3Og was et al. in 1990[9]. The Lii+,V30g in the gel state is ob-
first reported by Wadsley in 1997], and also characterized tained by precipitation from an aqueous solution containing
by Picciotto et al. and Zhang et al. later. This vanadate has alithium hydroxide (LiOH) and vanadium pentoxide {Us).
monoclinic structure with the space groupi®2 and hasa  When it is dehydrated at 20C, the oxide shows excellent
layered structure. The advantages of LV3Og as a cath- electrochemical performance as an amorphous form, accom-
ode material for lithium secondary batteries are (i) the low modating 4.5 moles of Li ions per formula unit. Another
cost, (ii) the large discharge capacity, (iii) the high discharge process is reported by Kawakita et @l0]. The Li;4+,V30s
rate, and (iv) the long cycle life. These are caused by the is prepared using methanol (g8H) instead of water as the
following characteristics: more than three moles lithium can solvent, and lithium methoxide (LIOGHis substituted for
be accommodated per moleliV3Og, high discharge rate  LiOH to prevent the formation of yO by reaction of LiOH

is connected to a high diffusion coefficient of lithium, and with V2Os.

long cycle life is due to an outstanding structural stability in ~ In this work, the authors use a novel method to obtain

lithium insertion and extractiof2—5]. V705 sol. A spray drying method is used to dry the sol.
As the traditional process, this kind of compound is usu- Lij;,V30g powders are obtained after heat treatment. The
ally prepared by high temperature synthdsis8]. Lithium structure, the morphology, and the electrochemical perfor-

carbonate (LICOg) and vanadium pentoxide ¢@s) are mance of the spherical 1i,V30g powders have been in-
mixed in an agate mortar in an appropriate molar ratio. The vestigated in detail.

mixture is melted on a platinum crucible in air for 24 h at

680°C. Li14,V30s is obtained by cooling the mixture down

slowly. This method needs large thermal energy and needs2. Experiment
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4 h and the ¥Os sol was obtained. Then the;®s5 sol and due to the decomposition of Lij;,V3Og. Later, the weight
LiOH solution, in a certain molar ratio of Li:V, were mixed of the sample keeps constant and no peak is observed on the
uniformly. The mixed sol was dehydrated via a spray dry- DTA curve. Therefore, the range of heating temperature is
ing method. The spherical 1i,V30g powders were syn-  selected in 310-600°C for our experiments.
thesized by sintering the powders obtained by spray drying Fig. 2 shows the morphology of the precursor powders
at 350, 450 and 550C, respectively, for 24 h. and the Li14,V30g powders obtained by sintering the pre-
Thermogravimetry and differential thermal analysis cursor powders at different temperatures. Fig. 2a shows the
(TGA/DTA) were performed on the precursor. Powder particles of the precursor are spherical with the particle size
X-ray diffraction (XRD, D/max-rB) using Cu K radiation of about 1-10 um. The surface of the every spherical parti-
was used to identify the crystalline phase and crystal lat- cle is very smooth as shown in Fig. 2b. It is tested that the
tice parameters of the powders. The particle morphology, tap-density of the precursor is only 0.58gcm—3. In contrast
particle size and particle size distribution of the powders to the precursor, there is obvious difference of particle mor-
were observed using a scanning electron microscopy (SEM,phology, particle size, particle size distribution, crystalline
JSM6301F). phase, and tap-density among the samples obtained by sin-
Experimental test cells for measurements used the cathodeering at different temperature. Fig. 2c and d, e and f, and
with the composition of 80 wt.% Li,V30g, 10wt.% car- g and h shows the morphology of the Liy;,V30g powders
bon black, and 10 wt.% PTFE. The separator was a Celguardobtained by sintering at 350, 450, and 550 °C, respectively.
2400 microporous polylene membrane. The electrolyte was It can be found in Fig. 2c and d that the spherical parti-
1M LiPFe EC + DEC (1:1 by volume). A lithium metal  clesare shrank after sintering and the surface of the spheres
anode was used in this study. The cells were assembled inis not smooth. The particle size of these samples are about
a glove box filled with argon gas. The discharge—charge cy- 1-6 um and mostly are around 2 um. It is tested that the
cling was galvanostatically performed at a current density tap-density of this sampleis as high as 1.45gcm—2 because
of 0.16 mA cnt2 with cut-off voltages of 1.5-4.0V (versus  of the close structure. Fig. 2e and f show the crystal grains
Li/Li T) at 20°C. of the Liy14+,V30g powders obtained by sintering at 450°C
are larger than the former, and the particles are not spherical
because of shrinking. The crystalline grains have grown to
3. Results and discussion be much larger and the spherical balls have been cqmpl etely
destroyed, as shown in Fig. 2g and h. The tap-density of the

Fig. 1 shows the TGA and DTA curves of the precursor |a€r two samples is only 1.33 and 1.23gem~ because of
powders obtained by spray drying at the initial ratio of Li:v the grown crystalline grains. , _
— 1:2. An obvious absorbing heat peak is observed near !N addition, the influence of initial ratio of Li/V on the
160°C on DTA curve and the weight of the sample decreases SEM image and tap—denscty' has been investigated. As a
up to about 310C by 15wt.%. Probably, this weight loss esult, we found that the Li11.V30s products of differ-
is due to the liberation of the water molecules. A small Nt initid ratio of Li/V have amost the same SEM im-
exothermic hump is observed on DTA curve near 3I0at age al the same heating temperature, and the tap-density of
which the crystallization begins. The weight of the sample € Li1++V3Og product a initial ratio of Li:V = 1:2 is the
decreases gradually up to about 6@0and no obvious peak highest. i )
is observed on the DTA curve. The constant weight loss  1he X-ray diffraction patterns of the precursor powders
between 310 and 60 is maybe due to the loss of lithium ~ a@d the Li11,V30s powders obtained at different tempera-
and oxygen in the compound. At about 6@ an obvious ture are shown in Fig. 3. It can be observed that there are

absorbing heat peak is observed on the DTA curve and the®nly some weak diffraction lines on the XRD pattern of the
weight of the sample decreased rapidly. This weight loss is Précursor powders. These lines were not assigned to anyone
of aready known vanadium oxides and lithium vanadates.

Thus, the precursor sample is in an amorphous state. When

120 heated at 350 °C, however, there are alot of obvious diffrac-
10 TGA tion lines on the XRD pattern, and al of them are attributed
to Li14,V30s. The patterns of the Liy;,V3Og powders

g \ heated at 450 and 550°C are mostly similar to the pattern
of the Li1.+,V30s powders heated at 350 °C, though the rel-
2 W ative intensities of the former are much stronger than those
DTA of the latter and there are some new compounds appeared

because of the loss of some lithium and oxygen in the
former two samples. This phenomenon is explained by the
deductions that the Liy4,V3Og obtained at low temperature
has isotropic and strain-free crystallites and that it has the
Fig. 1. DTA/TGA curves of the precursor powders by spray drying. smaller grain than that obtained at high temperature. It aso
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Fig. 2. SEM images of the precursor powders and the Li;4,V30g powders at different sintering temperature.



J. Gao et al./Journal of Power Sources 125 (2004) 90-94 93

ff“\“ “\\M“‘ Precursor
o —_ - o —_
= e = oy =
[} j o |
4 g ) 28 2 350°C
|, . i A e

450°C

intensity (arb. mits)

i 550°C

Al A Al o Aol Aoad

10 20 30 40 &0 60 T0 &0
28 fdegres

Fig. 3. X-ray diffraction pattern of the precursor and the Lii;,V3Os
powders obtained at different temperature.

can be aobserved from the SEM images of the Liy;,V30g
powders. Different media of crystal nucleation and growth
for the samples might bring about the different manner of
crystal nucleation and growth [10]. The different sintering
temperature results in the disparity in structure of prod-
ucts, and results in their different capacities. The insertion
and extraction process of Li* ion in this cathode material
is a diffusion process. With increase in sintering temper-
ature, the intensity of (100) peak of Li1,,V30g becomes
stronger, and the crystal grains of Lij.,V30Og become
larger. Thus, the diffusion path of Li* islonger, which isthe
cause of the reduction of discharge capacity of Li1;,V30g
aong with increase in sintering temperature as shown
afterwards.

Theinfluence of theinitial ratio of Li/V on crystal phaseis
obvious. If theinitial ratio of Li/V is1:3, theproduct includes
some vanadium oxides except Li11,V30s. But if the initia
ratio of Li/V is 2:3, there are more LiVOs than Li;1,V30sg
in the product. So we can obtain pure Li14+,V30g only at
theinitial ratio of Li:V = 1:2.

The spherical Li14,V30g cathode materials have high
specific capacity and good cycling stability compared to
other vanadium system cathode materials [9]. We tested the
model cells using the spherical Lii1,V30g powders pre-
pared in this work as the cathode material. Fig. 4 shows the
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Fig. 4. First discharge curves of Lii4+,V3Og prepared at different temper-
atures. (a) 350°C; (b) 450°C; (c) 550°C.
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Fig. 5. The first discharge capacity of the Lii4,V30g prepared at 350°C
for different sintering time.

first discharge curves of the Li1;,V30g obtained by heat-
ing at different temperatures. As shown in Fig. 4, the sam-
ple heated at 350°C has a first cycle discharge capacity of
378mA hg—1. However, the sample heated at 450°C has a
first cycle discharge capacity of 347mAhg~1 and that of
the sample heated at 550°C is only 290mA hg~1. Further-
more, in the case of the sample heated at 350°C, a plateau
appears clearly near 2.5V in the discharge curve, as shown
in Fig. 4a. The plateau looks much narrow in the curve of
the sample heated at 450°C and in the curve of the sample
heated at 550 °C the plateau disappears, as shown in Fig. 4c
and d. This might be explained by the ion transport rate. The
smaller grain size resulted in ashorter diffusion path for Li+
ions. The lower stacking of the layers facilitates transforma-
tion of the phase. The higher heating temperature will result
inlarger grainsand higher stacking of thelayers. In addition,
the influence of sintering time on the first cycle discharge
capacity has been studied. Fig. 5 shows the first cycle dis-
charge capacity of the samples at 350°C for different sin-
tering time. Along with the increasing of sintering time, the
first discharge capacity of the product also increases. This
is maybe because the structure of the sample changes more
ordinal and stability during sintering. When the time arrives
24 h, the capacity does not increase any more. As a result,
the best sintering time is about 24 h.

Fig. 6 shows the cycle performance of the discussed three
kinds of Li14,V30g samples. The initial reversible specific
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Fig. 6. Specific discharge capacity dependence on cycle number of
Li14,V30sg prepared at different temperatures: (a) 350°C; (b) 450°C; (c)
550°C.
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capacity of the sample heated at 350°Cis378mA hg~1, and
after 10 cycles it is only 308 mA hg~1. Unfortunately, the
cycle performance of other two samples is worse than the
former, because there are some new compounds appeared in
the other two samples and these new compounds may lead to
some negative effect on the electrochemistry performance.
But it can be seen aso that the cycle performance of the
Li1+xV30g samples is still unsatisfied. This phenomenon
is connected with an outstanding structural change in the
lithium insertion and extraction process. According to the
report by Picciotto et al., theLi™ ions are reversibly inserted
and extracted in a single-phase reaction when the quantity
of inserted Li* ions is small, whereas when the quantity of
inserted Li™ ions is large, the reaction proceeds in the two
phases system. The new phase has a defect rock-salt struc-
ture and returns to the parent structure with a slight modi-
fication during the lithium extraction process [11]. The fur-
ther efforts to increase the structural stability of Li;,V3O0g
products and the cycling performance of this material are
going well.

4. Conclusion

The spherical Li1,V30s powders with high specific ca-
pacity have been synthesized via a novel technique in this
work. The sample prepared at 350°C for 24 h results the at-
tainment of both higher discharge capacity (378mA hg™1)

and a better cycle performance. The products possess good
morphology, small particle size, good particle size distri-
bution. The excellent electrochemical performance of the
spherical Li11,V30g cathode materia is partly attributed to
the advanced preparation. This preparation technique should
be a suitable method to synthesize spherical Li1;+,V30s
cathode material, and is significant to be further studied.
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