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Lithium insertion and extraction kinetics of Li V O1qx 3 8
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Abstract

Lithium insertion and extraction kinetics of lithium trivanadate, Li V O , was investigated by using the electrochemical1qx 3 8

measurements at various temperatures and current densities. The results showed that the reaction rates of both insertion and extraction
were limited by the small diffusivity of Liq ions in the Li V O phase formed for x)1.5 upon lithiation. Extraction reaction was also4 3 8

dependent on the thermodynamic factor on the basis of the incomplete reversibility of transformation from the Li V O phase to the4 3 8

original LiV O one. q 1999 Elsevier Science S.A. All rights reserved.3 8
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1. Introduction

Some vanadium oxides such as V O and V O have2 5 6 13

been investigated as cathode materials for secondary
w xlithium batteries 1 . These vanadates possess relatively

larger practical discharge capacities as compared with
other transition metals, e.g., LiCoO . In both vanadates,2

however, the large-capacity retentivity is incompatible with
the high-rate capability in repeated discharge and charge
cycles. A multidimensional structure restrained the modifi-
cation of the host-lattice during lithium intercalation and
deintercalation of the guest species, i.e., lithium, leading to
a lowering of the capacity loss. Simultaneously, the reac-
tion rates of intercalation and deintercalation become
smaller owing to a decrease in the number of the diffusion
path of lithium. Lithium trivanadate, Li V O is a1qx 3 8

w xpromising alternative to these vanadates 2–4 . This oxide
has a layered structure where pre-existing Liq ions at

w xoctahedral sites attach adjacent layers strongly 5 . Over
three equivalents of Liq ions can be insertedrextracted in
LiV O reversibly because of both the outstanding struc-3 8

tural stability and empty sites for Liq ion occupation
w x qbetween the layers 6 . Furthermore, Li ions at octahedral
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sites are no hindrance to jumping of Liq ion from one
w xtetrahedral site to other 7 , and the diffusion of lithium in

w xLiV O is faster than those in V O and V O 1 . Much3 8 2 5 6 13

effort has been made to improve the electrochemical per-
formance of LiV O . These were adaptation of the samples3 8

w xwith different degrees of crystallinity 2,8–11 , modifica-
w xtion of the host framework 2,12,13 , introduction of alien

w xatoms and molecules between the layers 2,14–16 , and
fabrication of the electrode with the small particle size and

w xthe large contact area between components 2,11,17,18 .
The crystal structure of LiV O was refined by using3 8

Ž . w xX-ray diffractometry XRD 5,19,20 . Other properties
Ž . w xwere analyzed by infrared IR 20,21 and Raman spec-

w x 7 Ž .troscopy 20 , and Li nuclear magnetic resonance NMR
w x22 . Lithium insertion behaviour of LiV O was reported3 8

in terms of the crystal structure and thermodynamics.
Changes of the atomic arrangement and the coordination
state of the vanadium atom upon lithiation were character-

w x w x w xized by XRD 6,7,19,23–25 , IR 20,25,26 , Raman 20 ,
Ž . w xand X-ray absorption spectroscopic XAS 26 measure-

Ž .ments. The thermodynamic data such as enthalpy D H ,
Ž .entropy DS of lithiation, and the site energy of inserted

w xlithium were estimated by using solution calorimetry 3 ,
w xcoulometric titration 23,27 , and theoretical calculation

w x28 . From these results, lithium insertion reaction of
Li V O is summarized as follows. It is described as1qx 3 8

three steps composed of a single-phase reaction for the
range 0-x-2.0 in Li V O , a two-phase reaction for1qx 3 8

2.0-x-3.2, and a single-phase reaction for 3.2-x-4.0.
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Phase transformation occurs at xs2.0 from the original
LiV O phase to the second Li V O one. Some authors3 8 4 3 8
w x25,27,29 reported that the first single phase ends a bit

Ž .earlier at a composition Li V O xs1.5 . Although2.5 3 8

lithium extraction is a reversible reaction, the delithiated
material has a slightly modified structure, as compared

w xwith original LiV O 19,30 .3 8

Most of works on lithium insertion behaviour of LiV O3 8

have been discussed from the standpoint of equilibrium, as
mentioned above. The actual reaction, however, depends
considerably also on the kinetic factors controlled by the
current density. The diffusion coefficient of lithium was

w xmeasured at various x values during lithiation 7,17,23,26 ,
and yet its contribution to the reaction rate in each depth of
discharge was not elucidated. In this paper, lithium inser-
tion and extraction reactions were characterized in a dy-
namic state by using electrochemical measurements vary-
ing temperature and current density.

2. Experimental

The lithium trivanadate, LiV O , was prepared by the3 8

high temperature synthesis of Li CO and V O as de-2 3 2 5
w xscribed elsewhere 13 . The chemical analysis of the ob-

tained compound results in the nominal composition,
Li V O . All ground powder samples were sieved under1.2 3 8

38 mm in particle size.
Electrochemical measurement was carried out using a

cylindrical glass with three electrodes filled with argon
gas. All the procedures for this experiment were presented

w xelsewhere in detail 24 . The working electrode was a
pressed pellet composed of a mixture of powder sample of
LiV O , acetylene black and PTFE in a weight ratio of3 8

80:15:5. The counter- and reference electrodes were lithium
metal rods. The electrolyte was 1 mol dmy3 LiClO rPC4

solution. The cell was set into a thermostatic water bath at
a temperature of 58, 258 or 458C. To protect a separation of
two parts caused by expansion of the internal gas and by
rising of the vapor pressure of the electrolyte solvent with
increase in the temperature of the cell, pulling the gas out
reduced the internal pressure of the cell to some extent. In
addition, the upper part of the cell was attached tightly
with the lower one. Galvanostatic discharge and dis-
chargercharge tests were performed at current densities of
"100, 200, 500 and 1000 mA cmy2 with a galvanostat
controlled by a personal computer. The potential limits
were 1.5 and 3.6 V vs. LirLiq on discharge and charge
processes, respectively. The chemical diffusion coefficient

˜of lithium, D , was determined by the galvanostatic inter-Li
Ž . w xmittent titration technique GITT 31 . In this paper, dis-

charge and charge capacities are represented by x and y,
respectively, corresponding to the values per formula unit
calculated from the amount of electricity passed through
the working electrode during discharge and charge.

3. Results and discussion

3.1. Insertion kinetics

Fig. 1 shows a dependence of the discharge capacity
Ž .x of LiV O on the current density at 58, 258 and 458C.3 8

Naturally, a larger capacity is attained at a smaller current
density and at a higher temperature. In the current density
of 100 to 1000 mA cmy2 , the maximum capacity loss is
40%. Furthermore, when the temperature varies from 458

to 58C, the capacity decreases by about 35% at each
current density. These results indicate that overall lithium
insertion reaction of LiV O is considerably affected by3 8

the kinetic factor, the effect of which does not appear
clearly on each step of the reaction.

On the discharge curve, the features such as inflexion
and hump became rapidly obscure with increase in the
current density from 100 to 1000 mA cmy2 even at 458C.
Fig. 2 shows discharge curves of LiV O at y100 mA3 8

cmy2 at constant temperatures of 58, 258 and 458C. Effects
of temperature on the shape of the discharge curve divide
all the curves into two regions near xs1.5 and an arrow
represents the dividing point. Note that x value contains
excess 0.2 equivalent of Liq ion in preparation. Up to

w Ž .about xs1.5 region 1 D x : composed of the first to the1
xthird step , the shape seems almost independent of temper-

ature. In contrast, temperature effect is remarkable for
w Ž .x)1.5 region 2 D x : composed of the fourth and2

xfurther steps up to 2.0 V . It was reported that the open
Ž .circuit potential OCP was almost independent of temper-

ature while the gaps between OCP and discharge potential
w xwere larger in the second region 24 . Accordingly, the

kinetic factors of lithium insertion process appear in the
second region.

Ž . Ž .Fig. 1. Dependence of discharge capacity x on current density at a 58,
Ž . Ž .b 258, and c 458C.



( )J. Kawakita et al.rJournal of Power Sources 83 1999 79–83 81

y2 Ž . Ž .Fig. 2. Discharge curves of LiV O at y100 mA cm at a 58, b 258,3 8
Ž .and c 458C.

These temperature effects can also clearly be seen by
Ž .plotting the extent of lithium insertion D x of each

region, as shown in Fig. 3. Regardless of both temperature
and current density, D x keeps an almost constant value1

of about 1.5. This might be caused by sufficiently fast
diffusion of Liq ions in the original LiV O phase under3 8

this experimental condition. On the other hand, D x de-2

pends on the temperature and on the current density. In
this region, formation of the Li V O phase is considered4 3 8

to reduce an overall diffusivity of lithium, even in the
coexistence state of both the original LiV O and the3 8

second Li V O phases.4 3 8

Ž .Fig. 3. Dependence of extent of lithium insertion D x on temperature,
Ž y2 .cd v: y100 and B: y200 mA cm .

Fig. 4. Dependence of chemical diffusion coefficient of lithium, on
Ž . Ž .temperature in a LiV O phase at xs0.2 and b Li V O phase at3 8 4 3 8

xs3.6.

With respect to apparent chemical diffusion coefficient
˜Ž .D , the Li V O phase is compared with the LiV OLi 4 3 8 3 8

one at various temperatures, as shown in Fig. 4. Note that
diffusion coefficients in two phases correspond to the
values for the starting and the lithiated materials with

Ž .nominal compositions of Li V O xs0.2 and Li V O1.2 3 8 4.6 3 8
Ž .xs3.6 , respectively. Apparently, the diffusion coeffi-
cient in the Li V O phase increases gradually from 10y11

4 3 8

to 10y9 cm2 sy1 with increase in the temperature, as
compared with nearly constant values at the order of 10y8

cm2 sy1 in the LiV O phase.3 8

These results reveal that the dependence of D x on2

some kinetic parameters is due to a small diffusivity of
Liq ions in the second Li V O phase, which is formed4 3 8

beyond xs1.5 and coexists together with the original
LiV O phase. In addition, a much smaller diffusivity of3 8

Liq ions in the Li V O phase might cause a retardation of4 3 8

further insertion of lithium beyond xs1.5, where lithium
insertion into the LiV O phase as the single-phase reac-3 8

tion changes to insertion into the Li V O phase formed4 3 8

on the LiV O phase.3 8

3.2. Extraction kinetics

Ž .Fig. 5 shows a dependence of the charge capacity y
of LiV O on the current density at 58, 258 and 458C.3 8

Similarly to the case of discharge process, the charge
capacity becomes larger at a smaller current density. This
profile, however, does not express an accurate effect of the
extraction kinetics on the reaction because of non-identical
condition of the lithiated compounds before charging with
respect to the crystal structure and the lithium content.
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Ž . Ž . Ž .Fig. 5. Dependence of charge capacity y on current density at a 58, b
Ž .258, and c 458C.

On the charge curves of LiV O at q100 mA cmy2 at3 8

58, 258 and 458C, some steps are observed and in particu-
Ž .lar, obviously at 458C as shown in Fig. 6 . Effects of

temperature on the shape of the charge curve divide all the
curves into three regions and two arrows represent the
dividing points. These regions are in turn termed as D y ,1

D y and D y with increase in the y value. During charge2 3

of Li V O with a high lithium content, it was reported1qx 3 8

that disappearance of the Li V O phase and simultaneous4 3 8

formation of the LiV O phase occur in the early stage of3 8

lithium extraction reaction, and followed by a delithiation
w xprocess in the single LiV O phase 30 . Therefore, lithium3 8

extraction reaction is supposed to proceed in the region of
D y where the Li V O phase might exist, and succes-1 4 3 8

y2 Ž . Ž .Fig. 6. Charging curves of LiV O at q100 mA cm at a 58, b 2583 8
Ž .and c 458C.

Ž .Fig. 7. Dependence of extent of lithium extraction D y on temperature,
Ž y2 .cd v: q100 and B: q200 mA cm .

sively in two regions of D y and D y where reactions2 3

occur in different mechanisms.
The features such as inflexion and hump became rapidly

obscure also on the charge curve with increase in the
current density. Then, temperature dependence of the ex-

Ž .tent of lithium extraction D y in each region is compared
in Fig. 7. In the first region, D y is less than 0.2 at both 581

and 258C, and yet it increases to about 0.4 at 458C. This
result indicates occurrence of lithium extraction from the
Li V O phase in this region. When the amount of inserted4 3 8

Ž .lithium x exceeds 3.0 during discharge, additional lithium
is certainly accommodated in the Li V O phase, and4 3 8

might be extracted in the early stage of the charge process.

Ž .Fig. 8. Dependence of coulombic efficiency on current density at a 58,
Ž . Ž .b 258, and c 458C.
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In the second region, D y increases and does not surpass2

1.5 with increase in the temperature. This phenomenon
indicates a presence of the extraction limit in this region
where the reproduced LiV O phase exists. In the third3 8

region, a linear increase in D y is observed as the temper-3

ature rises. Temperature dependence is observed clearly in
the last stage of the charge process. It was reported that the

Žstructure of slightly lithiated compound, Li V O x-1qx 3 8
.0.5 , is a less distorted configuration, as compared with the

w x‘non’-lithiated one, LiV O 19,30 . Accordingly, lithium3 8

needs to be extracted from more stable tetrahedral sites in
Ž .the region D y with a small x value. Taking into3

account the sufficiently fast diffusion of lithium in the
LiV O phase, temperature dependence of D y is ex-3 8 3

plained in terms of equilibrium rather than kinetics. In-
crease in temperature makes delithiated LiV O possible to3 8

exist in a less stable state with the more distorted configu-
ration. In addition, equilibrium is shifted to the direction of
extraction of lithium because lithium insertion reaction of

w xLi V O is exothermic 3 .1qx 3 8

Dependence of the coulombic efficiency on the current
density in the first cycle at 58, 258 and 458C is shown in
Fig. 8. It is equal to the capacity ratio of charge vs.
discharge. At 100 mA cmy2 , the efficiency becomes
smaller with increase in the temperature. This phenomenon
is caused by rearrangement of the host lattice accompany-
ing the phase transformation and by incomplete reversibil-
ity of rearrangement during lithium insertion and extrac-
tion reactions. This hypothesis is supported by the report
that the delithiated product is a slight modification of the
parent structure, as described above. Though the current
density increases from 100 to 200 mA cmy2 , the effi-
ciency becomes larger. This is explained by the reason that
in this current range, the discharge capacity has a larger
decreasing rate than the charge capacity because of a
larger decrement in the range for existence of the Li V O4 3 8

phase with small diffusivity of lithium in the insertion
process.

The slow diffusion of lithium in the Li V O phase is4 3 8

responsible for determining of the reaction rate in the early
stage of delithiation process. Under this experimental con-
dition, there is no obvious effect of extraction kinetics on
other regions. In the last stage, remaining lithium has
difficulty in being extracted, owing to occupation of ther-
modynamically stable sites.

4. Conclusion

The discharge and charge behaviours depended remark-
ably on the temperature as well as the current density.
Lithium insertion kinetics of Li V O was affected1qx 3 8

largely by the small diffusivity of Liq ions in Li V O4 3 8

phase formed for x)1.5 upon lithiation. The similar
result was found during lithium extraction process in the
Li V O phase.4 3 8

The incomplete reversibility of phase transformation
between the Li V O and the LiV O phases caused a4 3 8 3 8

decrease in the charge capacity, leading to a capacity loss
during cycling.
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