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Abstract

Lithium ions were electrochemically inserted into perovskite-type oxides StVO;_ s and Lag soLig 3, TiO, 04 using galvanic cell:
Lij1 M LiClO, in PC|StVO,_; or LagsLi;3;TiO5 0. It is found that the lattice parameters of SrVO, ; will be increased and
the discharge capacity of SrVO,; will be decreased as & increased. At the composition where all of A-site vacancies in
Lag soLig37TiO, 6, are just occupied by the lithium ions, the lattice parameter shows a sudden increase. The chemical diffusion
coefficients of lithium ions in S1VO;; and Lagsliga;TiOs04 were determined to be the values in the range from 10~% to
107'% em® s~'. Both oxides can be considered as a useful cathode of rechargeable lithium batteries. The charge/discharge
characteristic can be improved by mixing of a small amount of carbon powder with the oxide.
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1. Introduction

Most of the cathode materials used in rechargeable
lithium batteries possess hexagonal-layered structure
or spinel structure. Many cathode materials are rather
poor electronic conductors, for example, the electronic
conductivity of most promising cathode LiMn,O, is
1.4x107%S cm™! at room temperature [1]. Usually,
in practice 10 to 50 wt.% electronic conductors such
as graphite or carbon black have to be mixed with
active oxides [2]. As a result the energy density of the
batteries is almost reduced. Therefore, cathode ma-
terials with both high ionic and high electronic con-
ductivities are required for large energy density re-
chargeable batteries. In order to find high efficient
cathode materials, we have paid attention to perovskite-
type oxides.

In the ABO, perovskite-type oxides, a transition metal
element (B cation) occupies the centre of an octahedron
which consist of six oxygen ions. Crystal systems and
electronic conductivities of some perovskite-type oxides
are shown in Table 1. It is easy to control their electric
and magnetic properties by the substitution of A or B
for another element. Furthermore, it is known that B
cation can take different valence states in the range
from 3 to 6 in the perovskite-type oxides. Therefore,
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it is valuable to evaluate the possibility of lithium
insertion into the perovskite-type oxide containing tran-
sition metal ions whose valences may decrease along
with the lithium insertion.

First of all we will discuss the possibility whether
perovskite-type structure has available sites and con-
duction passes for lithium ions to occupy and to migrate
or not. Then, the maximum amount of inserted lithium
ions, i.e., capacity, should be checked. In this study,
two perovskite-type oxides SrVQO,,; and LaysLigss-
TiO, ¢4 were subjected to lithium-insertion experiments.
SrVO,_;5 [4,10] and LagsoLlig3,Ti0,0, [9] are typical
electronic conductors with one electron in the £,, band
(0ien=10> S cm™' at room temperature) and a high
lithium ionic conductor with a negligible electronic
conductivity (Geeciron = 10° S cm ™! at room temperature),
respectively. The latter compound is expected to become
an electronic conductor due to electron doping in the
conduction band by the lithium insertion.

2. Experimental

SrVO, ; was prepared by the solid-state reaction
method reported previously [11]. Some of the samples
were heated either at 1073 K in Ar for 48 h or at
1673 K in H, for 24 h to change the oxygen deficiency
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Table 1

Crystal systems and electronic conductivity of some perovskite-type oxides

Compounds Crystal system Electronic resistivity Ref.
(2 cm at 300 K)
SrTiO, cubic insulating 3]
Srvo, cubic 1x1073 4]
SrFeO, cubic 2%x1073 [5]
SrRu0; orthorhombic 1x107* [6]
SrMoO;, cubic 10~* [7}
LaMnO, orthorhombic semiconducting {8]
(Lay 51 Lip34)TiO;.04 cubic insulating (o;+ =102 S cm™") 91

8. The results of this thermogravimetry.analysis revealed
that the oxygen deficiencies were found to be nearly
zero in the former case and 0.13 in the latter case,
respectively. LagsoLip3,Ti0,5, was prepared from
La,0;(4 N), TiO,(4 N) and Li,CO;(3 N) according to
the method given in Ref. [9]. Single-phased samples
were used as cathodes for studying electrochemical
lithium insertion and de-insertion.

Lithium ions were electrochemically inserted into
perovskite oxides using a galvanic cell: Lijl M LiClO,
in PC|SrVO,_; or Lag soLig 3, Ti0, 64 Which consisted of
a metallic lithium foil as anode, a piece of non-woven
polypropylene cloth soaked with 1 M LiClO,-propylene
carbonate (PC) (Mitsubishi Petrochemical Co.), and
an oxide sheet as cathode. The sheet-type cathode was
made of StVO,_; (0 < 6<0.13) or La, 5,Li, 3,TiO, o, and
3 wt.% Teflon powder. The whole assembly was placed
in a Teflon container covered with a brass screw cap
on both ends. The lithium contents in the samples were
controlled by the amount of electricity passed through
the cell using a home-made galvanostat, and determined
by inductively coupled plasma spectroscopy (ICP) using
SEIKO SPS 1500 system. The identification of the phase
and determination of lattice parameters of as-sintered
and lithiated samples were carried out by Mac Science
MXP'® X-ray diffractometer. The chemical diffusion
coeflicients of lithium in SrVO, 4 and Lag soLi; 37 T1O; 94
were measured with the galvanostatic intermittent ti-
tration technique (GITT) and a.c. impedance method,
respectively. The impedance measurements were carried
out in the three-electrode cell using a potentiostat
(HOKUTO HA-301) and a frequency response analyser
(NF Electronic Instrument 5720C) with a frequency
range from 10~2 Hz to 10 kHz. The working electrode
was an Lag soLig 3, TiO, 64 pellet (3 mm in diameter and
0.9 mm in thickness), both the counter and the reference
electrodes were pure-lithium plates with about 3 cm X2
cm and 1 cm X2 cm, respectively, and the electrolyte
was 1 M LiClO, in PC. The amplitude of the maximum
signal was 10 mV. Some laboratory-type batteries were
discharged/charged between the cutoff voltage of 1.2
and 3.0 V at 23/5 uA em™?2 for Lag 5oLy 5, TiO5 94 and
45/8 pA cm~? for SrVO,4s. All electrochemical ex-

periments were performed in a glove box filled with
dry argon gas (5 N).

3. Results and discussion
3.1. Behaviour of lithium-inserted SrVO; s

Fig. 1 shows the cyclic voltammogram of Lijll M
LiClO, in PC|SrVO,. The cycling was performed
between the voltages 1.0 and 3.2 V at a scanning rate
of 4 mV s~'. Both insertion and de-insertion reactions
could be observed clearly. After 80 cycles, the shape
of the cycling voltammograms remained unchanged.
This result indicates that the insertion and the de-
insertion of lithium ions are reversible for SrvO,s.
Fig. 2 shows the continuous discharge curves of
LiSrVO,, Li,SrV0O, s and Li,SrVO, g, at 13 uA cm™?
(0.34 mA g~'). It is obvious that lithium ions can be
electrochemically inserted into each of these samples.
It is clearly shown in Fig. 2 that the discharge capacity
decreases with the increase of oxygen deficiencies. This
result can be interpreted by considering the difference
in valency of the vanadium ions among these samples.
The sample of SrVO,_; contains oxygen vacancies of
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Fig. 1. Cyclic voltammogram of the cell Li|l M LiCIO,-PC|SrVO, s
between 1.0 and 3.2 V at a scanning rate of 4 mV s,
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Fig. 2. Continuous discharge curves for Li,Sr\}O,, Li,SrVO, s and
Li,SrVO,; at 13 pA cm™2 (0.34 mA g™!).

the amount & together with V3* cations of the amount
26 to preserve charge electroneutrality, and then it can
be written formally as a solid solution St(V,;_55** V5> *)-
O,_;. So, the trivalent vanadium ions should increase
as & increases. On the other hand, lithium insertion
can be considered as a formation process of a solid
solution of Li SrVO, ;. If a lithium ion was electro-
chemically inserted into SrVO,_, crystals, then it must
gain an electron simultaneously to preserve electro-
neutrality. In this case, it is obvious that vanadium(IV)
ion is reduced to vanadium(III) ion. Thus, the trivalent
vanadium ions increase as the amount of inserted lithium
ions (x) increases. Therefore, the discharge capacities
should decrease with increasing § and depends on the
initial amount of V** jons in the sample since the
average valence of B-site ions in the perovskite structure
cannot take a value smaller than 3.0. The amount of
the inserted lithium x in the formula LiSrVO, is
considered to reach nearly unity, giving the ideal capacity
140 mAh g~'. According to the results of X-ray powder
diffraction, all the lithiated samples were found to have
perovskite structure. A single phase was obtained for
Li,SrVO,_; (except LigseSTVO,g5). For Ligs6StVO, g5,
formation of two phases with different lithium contents
were confirmed. Fig. 3 shows the lattice parameter
versus lithium content in LiSrVO; ;. The lattice pa-
rameters slightly increase in Li,SrVOsgq,, and show a
minimum in LiSrVO,,s. From the geometrical con-
sideration for the imaginary ionic SrVO,, we have
concluded that lithium ions can occupy the largest
interstitial space, 3c-site, in the cubic perovskite struc-
ture. The appearance of the minimum for the oxygen-
deficient samples may be due to the interaction between
lithium ions and oxygen vacancies. The chemical dif-
fusion coefficient for SrVO, 45 was found to be in the
order of 1078 cm? s~ ! by the GITT method. This value
is larger and comparable with the chemical diffusion
coefficients of lithium in TiS, (1.1X107%-8.1x10~**
cm? s~ ') determined by the same method [12].
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Fig. 3. Variation of lattice parameters with lithium content in the
sample Li,SrV0O,; (0<8<0.13).
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Fig. 4. Cyclic voltammogram of the cell Lijl M LiClO,~
PC|Lag.syLip3,TiO, 64 between 1.0 and 3.2 V at a scanning rate of 4
mV s~

3.2. Behaviour of lithium-inserted La, soLiy 3,TiO, g,

The cyclic voltammogram of LagsoLips,Ti0,0, is
shown in Fig. 4. The current voltage curves suggest
the possibility of these materials upon de-insertion and
insertion of Li* ions in the voltage range from 1.0 to
3.2 V versus Li/Li*, at a scanning rate of 4 mV s~ 1.
Even after 80 cycles, no change was found in the shapes
and positions of the oxidation and reduction peaks,
given in Fig. 4. Therefore, it is considered that the
insertion and de-insertion of lithium ions are reversible
for Lag oLig 3, T10,54. Fig. 5 shows the continuous dis-
charge curve of LiLagsoLips,Ti050, at 13 uA cm™2
(0.34 mA g~'). The cell voltage decreased linearly with
the lithium insertion. The slope of the curve changed
at point P. It is considered that the inserted lithium
ions occupy two different positions in the lattice of
Lag soLig3,TiO, 4, At point P, the amount of inserted
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Fig. 5. Continuous discharge curve of Li,LagsoLips7TiO204 at 13 pA
em~2 (0.34 mA g7 7).
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Fig. 6. Variation of the lattice parameters with lithium content in
the samplc Li,l..a()_suLio_g;riOz,u.

lithium ions x was about 0.13 and equal to the amount
of A-site vacancies. This result indicated that lithium
ions were inserted into A-site vacancies until they were
occupied by lithium ions (point P). Beyond P point,
lithium ions were inserted into 3c-site that is similar
to the case of lithium-inserted SrVO, ; with no A-site
vacancies. The amount of the inserted lithium x in the
formula Lag soL.io 3,T10; o4 are considered to reach nearly
unity, giving the ideal capacity 160 mAh g~. The lattice
parameters versus the amounts of inserted lithium ions
are plotted in Fig. 6. Before A-site vacancies were full
of inserted lithium ions, the lattice parameters changed
somewhat. As soon as lithium ions were inserted into
3c-site, the lattice parameters increased rapidly, being
close to that of LaTiO, (0.392 nm). Typical a.c. imped-
ance spectra of Li Lag 5,Li, 45 TiO, o, with variousx values
are shown in Fig. 7. The a.c. impedance responses can
be modelled by the Randles equivalent circuit [13]. In
Fig. 7, the impedance diagrams exhibit two features:
(i) semicircles in the high frequency range being related
to a charge-transfer process, and (ii) straight lines in
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Fig. 7. Typical a.c. impedance diagrams in the complex plane for
Li.Lag s:Lig35TiO506: x=0.012; x=0.058; x=0.117, and x=0.175.
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Fig. 8. Open-circuit voltages and chemical diffusion coefficients of
lithium vs. lithium content in the sample of LiLays;Lip3sTiO3 g6

the low frequency range, being characteristic of diffusion
process. The decrease in the radius of the semicircle
with x indicates the increase in electronic conductivity
caused by the electron doping in the conduction band,
i.e., reduction of titanium(IV) to titanium(IIl). The
chemical diffusion coefficient of lithium, D, was cal-
culated from the low frequency limiting resistance by
using the VvD=Z,V,,/nFS (dE/dx) equation [14]. Fig.
8 shows the open-circuit voltage and the chemical
diffusion coefficients versus lithium in the sample of
LiLags,LigasTiOz06. The data of Lags,LigssTiO, 06
(x=0) was determined by the Nernst-Einstein equation
[15] using the conductivity data, and was in good
agreement with the extrapolated value of the impedance
data. As can be seen in Fig. 8, the diffusion coefficient
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D decreased with increasing x in the range x<0.05,
and turned to increase in the range x>0.05. In the
range x<0.05, the decrease in diffusion coefficient D
with increasing x may be caused by a decrease in the
number of unoccupied sites (A-site vacancies) of lithium
ions. In the range x>0.03, the increase in the D value
may be correlated to the expansion of the lattice (Fig.
6) with x.

3.3. Discharge/charge characteristics

Discharge/charge cycling curves of the laboratory-
type battery using SrVO,gs and LagseSiy3,Ti0, 4, as
cathodes are shown in Figs. 9 and Fig. 10, respectively.
Discharge/charge cycling can be continued without any
conductive additives because SrVO,,; and lithiated
Lag solig 57 T10, o4 possess electronic conductivity as de-
scribed above. But, the capacities were small and the
losses were big. The reasons for these phenomena have
not been yet clear. The upturn in the charge curve for
LiLagsolig3,Ti0., may be caused by a decrease in
the electronic conductivity at the surface of the sample
caused by the oxidation of titanium ions from 3+ to
4+ (insulating state). The discharge/charge character-
istic of the laboratory-type battery can be obviously
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Fig. 9. Discharge/charge cycling curves of the laboratory-type battery
using SrVO,ys as cathode.
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Fig. 10. Discharge/charge cycling curves of the laboratory-type battery
using Lag soLio37TiO20, as the cathode.
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Fig. 11. Comparison of the first discharge/charge curves for the
laboratory-type batteries using Lag soLlio37Ti02.04 and
Lag soLig 37TiO294 +5 wt.% carbon as cathode; (@) denotes open-
circuit voltage measured for a three-electrode cell.

improved by mixing a small amount of carbon black
(5 wt.%) with Lag soLig 5, TiO, o4 (see Fig. 11). Therefore,
we can estimate that the role of mixed carbon is not
only an enhancement of electronic conductivity in the
sample sheet but it gives also catalytic-active places for
the electrochemical reaction and diffusion of lithium
ions. Further experiments are needed to elucidate the
role of mixing of carbon powders with the electronic
conductive cathodes.

4. Conclusions

Lithium ions could be electrochemically inserted into
and de-inserted from perovskite-type oxides SrVO,_;
or Lagsolig37T10,4,. From the results, it can be sug-
gested that the inserted lithium ions first occupied A-
site vacancies then 3c-sites. The lithium insertion leads
to the reduction of transition metal ion (B cation) in
electroneutrality and the increase in lattice parameter.
The chemical diffusion coefficient of lithium for StVO,_;
was found to be in the order of 107® cm® s~ and that
of Li,La, soLig 37 TiO, 64 in the range from 1072 to 10~ 12
cm? 7' (0<x<0.225). The discharge/charge charac-
teristics of the laboratory-type battery can be improved
by mixing a small amount of carbon black (5 wt.%)
with Lag soLig3,TiO5 64
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