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Abstract

The synthesis of a mixed lithium titanium spinel Li, ,3Tis 30, obtained via a sol—gel process in non agueous media is reported. The
electrochemical behaviour of the sol—gel Li, ,3Tis 30, spinel oxide is examined. A voltage plateau located at 1.55 V corresponds to the
reversible insertion of 0.95 lithium ions in this compound while the structure is shown to be unchanged. The chemical diffusion
coefficient of lithium has been evaluated by a.c. impedance: D ; is found equal to 3 x 10~ ' cm? s™* for x=0.2in Li 3, 05 Ti5/30,
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1. Introduction

Chemical and electrochemical studies[1-3] have shown
that various titanium oxides can incorporate lithium in
different ratios. Brookite and rutile insert only small
amounts of lithium, while the anatase form and the syn-
thetic polymorph TiO, (B) [4] react extensively with stoi-
chiometries up to 0.8—-1 Li per Ti. Therefore many papers
are mainly devoted to electrochemical performances of the
TiO, oxide [5,6]. In particular, the particle size depen-
dence of TiO, electrodes [6] as well as the synthetic
methods or precursors used for preparing TiO, have been
shown to strongly influence their electrode performance
[7]. Other compounds with a spinel-type structure and
corresponding to the spinel oxides LiTi,0, and
Li, sTis,30, have been evaluated in rechargeable lithium
cells with promising features [8—11]. In particular, this
latter exhibits the best behavior and reversibly inserts
0.7-1 Li per mole of oxide at 1.55 V leading to a specific
capacity of 120-150 Ah kg~ after 100 cycles [10].

We have demonstrated the interest in using the sol—gel
process for preparing high performance rechargeable ca-
thodic materials especialy vanadium and manganese ox-

* Corresponding author. Fax: + 33-1-4978-1323

ides. In this paper, we report the main electrochemical
features achieved for the spinel Li,, ;Tis 3O, synthesized
via a sol—gel process.

2. Experimental

2.1. Synthesis of the spinel compound Li,, ,3Tis, 30, [12]

Titania sol—gel synthesis has been developed from the
hydrolysis and condensation of metal-organic precursors or
metal alkoxides, Ti(OR),, which indicates they are the
result of adirect combination of ametal M with an acohol
ROH. The reactions, traditionally considered with these
precursors are those of hydrolysis (Eq. (1)) and of poly-
merization—condensation by dehydration (Eq. (2)) [10-12].

Ti(OR), + H,0 — Ti(OH)(OR), + ROH (1)
=Ti-OH+HO-Ti= » =Ti-O-Ti= +H,0 (2

The evolution produces directly a polymeric macro-
molecule caled polymeric gel. Alternatively, for the syn-
thesis of the spinel Li, 3Tis,30,, the water molecules are
generated in situ by the dissolution of a hydrated lithium
salt in acoholic solvent.
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Titanium isopropoxide, [Ti(OCH(CH;),),] (Aldrich)
(0.082 mol) was added to a solution containing [LiC,H ;0,,
2H,0] in 75 ml of ethanol. The resulting yellow solution
becomes more and more viscous yielding the formation of
a white monolithic gel after 1 h. The gel is dried in air at
60°C during 1 day.

From literature data [13—17], the overall reaction can be
written:

a[Ti(OCH(CH3)2)4]

4 —(CH;),CHOH
_—

b[Li(OAc) 2H,0]

9 9
O—’Il‘i— (0] —ITi_
© a © b |Gel

After calcination of the gel, the samples were character-
ized by X-ray diffraction performed with a Inel diffrac-
tometer using the CuK « radiation.

2.2. Electrochemical measurements

The electrochemical measurements were performed in
propylene carbonate, twice distilled, obtained from Fluka
and used as received. Anhydrous perchlorate was dried
under vacuum at 200°C for 12 h. The electrolytes were
prepared under a purified argon atmosphere.

The working electrode consisted of a stainless sted grid
with a geometric area of 0.5 cm? on which the lithium
titanium oxide (=5 mg), mixed with graphite (20% by
weight), was pressed. Lithium was used as the reference
and auxiliary electrodes. Galvanostatic and voltammetric
experiments have been performed in a three-electrode cell.
Impedance spectroscopy was carried out in the frequency
range 10102 Hz by using an EG and G (PAR) Model
273 A potensiostat coupled with a 1255 Schlumberger
frequency-response analyzer. The excitation signal on the
system at the equilibrium potential was 10 mV peak to
peak. The equilibrium potential was considered to be
reached when the drift in open-circuit voltage remained
lessthan 1 mV for 2 h.

3. Results and discussion

The cyclic voltammetric curves for a sol—gel Li, 5
Tis, 30, €lectrodes is shown in Fig. 1. One reduction and
oxidation processes appear, characterized by the corre-
sponding cathodic and anodic peak potentials respectively
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Fig. 1. Cyclic voltammetric curves of a sol-gel Li,,3Tis, 30, electrodes
in 1 M LiCIO, /PC. The scanning rate is 10 pV s~ 1.

located at 1.54 V and 1.6 V. At a scanning rate of 10 pV
s ! the difference between the cathodic and anodic peak
potentias is about 60 mV. Unlike the reduction peak, the
shape of the anodic peak current is not symmetric.

The evolution of the equilibrium potential vs.. x in
Lic/34+x015,30, is reported in Fig. 2. From an initia
potential of 3 V for the compound without Li, the equilib-
rium potential sharply decreases with the first all Li ions
before to stabilize from the composition x = 0.1 at 1.56 V.
The OCV curve vs. X is constant in the Li composition
range 0.1 < x < 0.8 which reflects in a first approach a
two-phase region. This curve slightly decreases from 0.9
before to drop at x= 0.95. This contrasts with the open
circuit voltage experiments reported for Li insertion in
Li, 5oTi 54304 [18]. Indeed, they produce different regions
characterized by significant dE/dx slopes.

Thus a theoretical specific capacity of 150 Ah kg™? is
expected from the maximum uptake of 0.95 per mole of
spinel oxide.

This indicates that only 50% of titanium are reduced
due to the limited number of available 16 ¢ octahedral sites
in the spinel structure of Li%{Li15%Tiz5%10, [9,10].

The Li uptake near 0.6 per Ti available near 1.56 V is
higher than that achieved for LiTi,O, with a maximum
value of 0.5 Li/Ti at a lower voltage (1.4 V). A recent
work reports a value of 0.7 Li/Ti for electrochemical
lithium intercalation in the ramsdellite-type structure
Li,TizO,, i.e, (Li,,oTiz430g) at 1.4 V [18].

From powder X-ray diffraction (Fig. 3), it can be seen
that the structure of Li 3., Ti5,30, is practicaly un-
changed as Li accommodation proceeds since the typical
diffraction pattern of the parent oxide is recovered, even at
a high depth of discharge. For instance at x = 0.9, the
spinel structure is maintained with only a negligible change
in the cubic lattice parameter from 8.344 to 8.357 A. It
should be noted that this is in good agreement with the
|attice constants of Li, 5. 4 Tis, 30, sample (Q <x <0.9)
reported by Ohzuku et al. [10], with a=3.37 A.
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Fig. 2. EMF vs. composition curve for electroformed Li 4 5., 4 Tis 30, at
20°C.

Such aresult raises an important question on the mean-
ing of a voltage plateau in OCV curve which would rather
suggest a two-phase region and X-ray diffraction measure-
ments showing a topotactic insertion reaction without
structural change in the spinel oxide.

Fig. 4 displays the chronopotentiometric behaviour of
Li,/sTis, 30, a constant current density. At C/60 rate,
one main process located at 1.55 V is evidenced and
corresponds to the insertion of 1 Li per mole of oxides. Of
interest is to note the discharge and charge curves occur at
close voltages showing a reversible reaction.

However, for x < 0.5 (Fig. 4c,d), the higher the depth
of discharge, the lower the efficiency (Q,,/Q,.) Of the
insertion redox processin the spinel structure which reaches
a minimum value of 88%. For x> 0.5 (Fig. 4 ab), the
initial loss of capacity in the oxidation process no more
increases, leading to an efficiency of 94% for the maxi-
mum Li uptake. The quantitative extraction of Li from the
octahedral 16c¢ sites seems to be hard whatever the depth
of discharge. The poor electrical conductivity of the mate-
rial cannot be completely discarded to explain these results
which call for significant improvements in terms of work-
ing electrode technology.

111

Fig. 4. Chronopotentiometric behaviour of Li,,3Tis 50, as afunction of
the depth of discharge in 1 M LiClIO, /PC (C/60); (@ Ax=0.1; (b)
Ax=05;(c) Ax=07; (d) Ax=1.

The lithium intercalation process in cathode generally
involves a rate determining step involving solid-state diffu-
sion of Li ions within the cathodic material. Therefore, we
have evaluated the kinetics of the Li transport in the
Ligy/3:xT15,30, Using ac. impedance spectroscopy. A
typical complex impedance diagram obtained in the fre-
quency range 10°-~10"2 Hz for Li, s, 5 Ti5,30, is re-
ported Fig. 5. An important point displayed by Fig. 5
consists in the conventional response obtained as expected
for single phase behaviour [19], in good accord with
structural experiments. In the high frequency range (10%-10
Hz) an ill-defined semicircle is obtained for the charge
transfer. The porous character of the electrode area is the
reason the shape is not a perfect semicircle. According to
Fig. 5 in the low frequency range (1071-2.10"2 Hz) a
straight line with a slope close to 45° on the real axis is
obtained, which corresponds to the Warburg impedance
[19]. The Warburg region from which the numerical values
of D, are caculated [19] using Eq. (1) corresponds to a
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Fig. 3. Evolution of X-ray diffraction patterns as a function of x in
electrochemically lithiated Li 4 5. x,Tis,30, samples; (@ x=0, (b) x=
0.7; (¢) x=0.9. *corresponds to the peak of graphite.

Fig. 5. Typical complex impedance diagram of Li 3. ,Tis 50, Fre-
quency range 10%—10"2 Hz (x = 0.2).
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frequency range where the kinetics of the system is almost
entirely limited by the rate of the chemical diffusiona
process in the host material.

1[( V,, \(dE\]?
O 2[(FSL\)(dx” (3)

A is obtained from the Warburg impedance (Z, =
Ao Y2 —JA0 Y?), w=27f>2D/L? V, isthe ox-
ide molar volume (21 cm?®), F the Faraday constant, S is
the geometric surface area (1 cm?), dE /d x is the slope of
the coulometric titration curve (1072 V). D, is found to
be equal to 3 X 10~ 12 cm? s7! for x = 0.2. This apparent
value for Li diffusivity in Li /5, 02Ti5,30;, islower than
that obtained in the 4 V spinel manganese oxide LiMn,O,
(107 °-10" " ecm? s71).

The main features of Li intercalation in the spinel oxide
make this material very attractive as rechargeable cathodic
or anodic material characterized by a working voltage of
1.55 V, a specific capacity of 150 Ah kg~! and a diffusiv-
ity for Li ions of 3 10712 cm? s~ . Due to the electri-
caly insulating character of the initial compound, the
optimization of the electrode technology is under investi-
gation to improve the efficiency of the redox process and
the cycle life.

Moreover, a deeper investigation of structural, morpho-
logical and electrochemical properties is required to an-
swer the existence of a single phase or two-phase mecha
nism and to elucidate the decrease in capacity [12].
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