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Abstract

The spinel Li4TisO1,, a stable phase of the Li,O-TiO, system, allows to insert three Li atoms per formula unit at a potential of 1.5 Von the
basis of a spinel <= NaCl phase transition. This mechanism leads to a reduction of three Ti(IV) atoms out of five, corresponding to a theoretical
capacity of 175 mAh/g. The influence of structural defaults on the spinel — NaCl phase transition and its reversibility during charge/discharge
cycles have been studied. Solid solutions formed from chemical insertion of lithium or substitutions Ti/V, Ti/Mn, Ti/Fe modify the cation
distribution on the crystallographic sites (tetrahedral 8a, octahedral 16d, space group Fd3m) and influence the electrochemical performances.
A structural analysis by X-ray and neutron diffraction, X-ray absorption, >’ Fe Mossbauer spectroscopy and first principle calculations have

allowed to establish a relationship between the structure and the electrochemical properties.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The development of high energy and power batteries is
expected to ensure new applications in the field of portable
power tools and hybrid vehicles. Commercially available
lithium batteries use carbon or graphite as the anode material.
Their electrochemical potential lies close to 0V versus
lithium, which causes serious safety problems. In order to
solve the limitations of present Li-ion battery technology, it
could be interesting to shift the voltage window of the battery
from the usual 0—4 V of lithium-ion to 1-5V range. It is
therefore important to find new anode materials working at
higher potentials (around 1 V) [1]. Titanium oxides fulfil this
requirement. The spinel LiyTisO;, (partial inverted spinel
(Li) [Lig 33Ti; 67]04), a stable phase of the Li,O-TiO, system,
allows to insert three Li atoms per formula unit at a potential
of 1.5 V [2-8] according to an insertion mechanism on the
basis of a spinel < NaCl phase transition [9,10]. This
mechanism leads to a reduction of three Ti(IV) atoms out
of five, corresponding to a theoretical capacity of 175 mAh/g.
Tests showed the mechanism to be of high reversibility [5,6].
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In the present paper, we investigate the influence of
structural defaults induced by lithium insertion or substitu-
tions Ti/V, Ti/Mn, and Ti/Fe in a solid solution range on the
spinel — NaCl phase transition and its reversibility during
charge/discharge cycles. A structural analysis by X-ray and
neutron diffraction, >’Fe Méssbauer spectroscopy of the Fe-
substituted phase and first principle calculations have
allowed us to establish a relationship between structure
and electrochemical properties.

2. Experimental and theoretical methods

The spinel phase LisTisO;, is obtained by sol-gel as
well as ceramic synthesis routes, using various precur-
sors (Li,COj3, LiOH, TiO,, Ti(OiPr),, Li(CH3CO,)-2H,0).
Substituted spinels have been precipitated from solutions
of titanium iso-propoxide and various lithium and dopant
precursors (FeCl;-6H,O, MnCl,-4H,O and V(acac)). Iron
doping was alternatively carried out from iron metal
powder enriched in the isotope >’Fe in order to introduce
a probe for >’Fe Mossbauer spectroscopy. The chemical
insertion of lithium has been carried out using n-butyl
lithium.
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Electrochemical lithiation was carried out with (Li/LiPF¢
1 M (EC:DMC)/lithium titanate) SwagelockTM test cells as
described in [11]. Galvanostatic discharge/charge curves
were obtained with a cycling rate of 1 Li/5 h. Electroche-
mically inserted samples for Mdossbauer characterisation
were prepared using a slow rate of 1 Li/20 h.

Pristine and lithiated samples were characterised by X-ray
powder diffraction (XPD) with a Philips 6-26 diffractometer
using Cu Ko radiation and a nickel filter. The chemically
inserted lithium sample has been studied by neutron powder
diffraction (NPD) on D1B at ILL (Grenoble, France). Riet-
veld refinements were carried out with the program DBWS-
9411 [12].

The iron doped spinel and some samples at several depths
of discharge and charge have been characterised by 'Fe
Mossbauer spectroscopy at room temperature with a classi-
cal EG & G constant accelerator spectrometer in transmis-
sion mode using a 3’Co in a Rh matrix as y-ray source. The
velocity scale was calibrated using the magnetic sextuplet
spectrum of a high purity iron foil absorber and the origin of
the isomer shift scale was determined from the centre of the
a-Fe spectrum. For the electrochemically inserted samples
the measurements were performed ex situ from Swagelock
electrodes. Experimental data were analysed by evaluation
of hyperfine parameter distributions [13].

The X-ray absorption spectroscopy (XAS) measurements
were carried out at LURE (Orsay, France). The O K-edge
spectra were recorded at Super ACO storage ring in the total
electron yield mode using the SA72 beam line monochro-
mator with an energy resolution of 0.2 eV. The samples were
finely ground and dispersed in acetone and spread on a Ta
sample holder and dried. The spectra were recorded in the
range 510-575 eV.

The electronic structure of LisTisO;, has been evaluated
from first principle calculations based on the density func-
tional theory (DFT) within the generalised gradient approx-
imation (GGA). The linearized augmented plane wave
(LAPW) method has been used (WIEN code [14]). The
XAS spectra have been calculated within the dipole approx-
imation and core hole effects have been included by remov-
ing one O 1s electron. For a comparison with experiments,
the calculated spectra have been broadened by a Lorentzian
function with a full width at half maximum (FWHM) equal
to 1 eV in order to take into account the finite lifetimes of
both the core hole and the excited states, and the experi-
mental resolution. Comparison between theoretical and
experimental spectra allows to analyse the main peaks:
the atomic contributions are determined by considering
the calculated partial densities of states (DOS).

3. The Li4TisO, spinel compound
Li4TisO,, has a cubic spinel structure (space group Fd3m)

and the lattice constant is 8.368 (3) A. The cationic repar-
tition within the conventional cell of 56 atoms can be

:
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Fig. 1. Comparison between calculated and experimental XAS spectra of
LisTisO;, at the O K edge.

described by the formula

(Lig)g, [Liz.667T113.333) 164 O32

where the subscripts 8a and 16d denote the tetrahedral
(parentheses) and octahedral (brackets) crystallographic
sites, respectively. The spinel-NaCl phase transition due
to Li insertion is related to the change in the local Li site
symmetry from (8a) to (16¢) and to the occupation of the
unoccupied (16c¢) sites by eight inserted lithium. The rock-
salt compound can be described by

[Liie) 6. [Liz.667Ti13.333] 164 O32

The phase transition is related to the reduction of three
titanium atoms from Ti(IV) to Ti(Ill). The change in the
lithium site symmetry is of great importance for the insertion
mechanisms and could be, in principle, followed by XAS at
the O K edge as predicted from LAPW calculations. Calcu-
lated and experimental spectra of LisTisO;, in the energy
range between 525 and 545 eV show the same main peaks
labelled A-E (Fig. 1). The observed differences in the ampli-
tudes of the peaks are mainly due to the energy dependent
broadening caused by the finite lifetime of the excited states
which is not considered in the present calculation. The
analysis of the partial DOS allows to determine the character
of these peaks in terms of orbital interactions. It can be shown
that the empty states which contribute to the peak C are mainly
due to the hybridisation between Li (8a) p-type orbitals and O
2p orbitals. There is no significant contribution of the Li atoms
in octahedral sites. Thus, the peak C is expected to be modified
by changes in Li site symmetry due to Li insertion.

4. The doped materials

The addition and substitution of atoms are expected to
modify the crystal structure, the texture and the properties of
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Table 1
STFe Mbssbauer data of LisTis 7sFe 2501 g3 and corresponding discharged

11

=] electrodes at 1.9, 1.6, 1.5 and 1 V
<
Li,Ti,0,, ® - ?, Sample d A r Contribution
= 5 > / / / %
A& a o H Q (mm/s) (mm/s) (mm/s) (%)
LisTis7sFeq25s01,  0.22 (1) 0.29 (1) 0.35 (1) 32.8
0.32 (1) 0.65 (1) 0.66 (1) 67.2
Lig,Ti,0,, Discharge 029 (1) 026(1) 040(3) 260
-./J 19V 0.35 (1) 0.67 (1) 0.29 (2) 12.7
0.149 Li 0.92 (1) 1.16 (1) 0.85 (2) 61.3

Discharge 0.20 (1) 0.18 (1) 0.29 (2) 17.6

LTI V. O 1.6V 1.00 (1)  066(1) 041(2) 304
G emT 0.251 Li 1.03(1) 1.14(1) 0412 305

L k L 097 (1) 194@2) 0412 215
A A Discharge 101 (1) 055(1) 0413 231

15V 1.01 (1) 1.00(1) 04133  31.1

Li,Ti, Mn 0O, 2.032 Li 101 (1) 145@2) 041 (3) 240
101 (1) 1941 0413 218

__J Discharge 1.03(1)  050(1) 043(2) 189
1.0V 101 (1)  094(1) 043(2) 310

2.196 Li 101 (1) 140(1) 043(2) 289

1L01(1) 191(1) 043(2) 212
Li,,Ti_Fe O

4.25° 475 025 12

o, isomer shift relative to o Fe; 4, quadrupole splitting; I', line width.
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-
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-
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36 the materials, and therefore to change the electrochemical

°g performances of LisTisO;,. The composition Lis¢TisOq;
has been obtained by chemical insertion of lithium with n-

Fig. 2. XPD of LisTisO1; [a =8.368 (3) Al LisoTisOn [@=8.373 4 o lithjum. The substitution of Ti atoms by V, Fe (5%) and

(1) Al, LisTis 75V025012 [a = 8.358 (3) A, LisTiy sMng 5015 [a = 8.356

(3) Al and LigasTis7sFe02s012 [a =8.359 (2)AL; (+) impurity of Mn (10%) has been realised by mixed sol-gel ceramic
Li,TiO5. routes.
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L] RP =229 Li 8a .1250 .1250 .1250 .38 .0297
R, = 4.48 Li16d .5000 .5000 .5000 .87 .0139
R, =224 Ti16d .5000 .5000 .5000 .38 .0694

EXP

E $=200 032e .2621 .2621 .2621 .80 .1667 4
Li48f 3000 .1250 .1250 .38 .0265
Li16c 0000 .0000 .0000 .38 .0099

T T T T T T T T T T T T T T T
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Fig. 3. Rietveld analysis of NPD for Lis¢TisO;, showing lithium insertion on interstitial sites 48f and 16¢ (space group Fd3m).
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Fig. 4. Typical charge and discharge curves of chemically inserted spinel
Lis oTisO1, and comparison with LijTisO15.

For Lis ¢Ti50;,, the XPD patterns (Fig. 2) do not show
significant differences. The analysis of the NPD pattern
obtained for the spinel phase after chemical Li insertion
shows that lithium are inserted not only in octahedral (16c)
but also in tetrahedral (48f) sites of the spinel lattice (Fig. 3).
Fig. 4 shows very poor electrochemical performances for the
chemically inserted material due to the occupation of the 48f
tetrahedral sites which prevents the phase transition.

The spinels with 5% of Ti substituted by V (LisTi4 75-
Vo0.25012) or Fe (LigTi475Fe02501188), or 10% by Mn
(Li4Tig 50Mng 50015) have been examined by XPD (Fig. 2).
Fe and V doped spinels were obtained in pure form, Mn
doped spinel contain impurities of Li,TiO3. In order to
optimise the conditions favouring the spinel < rocksalt
transition, it is of interest to analyse the loss of capacity
(Fig. 5) induced from the substitutions and to understand the
observed changes as a function of the dopant.
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Fig. 5. Typical charge and discharge curves of spinel LisTisO;, and
substituted compounds with Fe, Mn and V.

The substitutions Ti/V, Ti/Mn, and Ti/Fe modify the
cation distribution on the sites in agreement with previous
results [15—17]. >"Fe Mdssbauer spectroscopy shows that Fe
dopants have been introduced in the spinel lattice as Fe(III)
on both octahedral (16d) and tetrahedral (8a) sites (Fig. 6
and Table 1). The latter result is confirmed by XPD with the
appearance of the (22 0) diffraction peak at 6 = 15.10°

2 3 Fe" Octahedral
3 67.2%
9

1.00
c
S 0.98]
®
2
£ 0.96-
c
©
P
o 0.947 Fe" Tetrahedral
= 32.8 %
©
< 0.921
(14 R
LI4TI4.75F%.25011.88
0.90
i T
-2 -1

Velocity / mm.s™

Fig. 6. ’Fe Mossbauer spectrum of Li,Tis7sFeq 5011 gs: experimental and calculated data.
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Fig. 7. Experimental and fitted ’Fe Mossbauer spectra for LisTis7s-
Fe 25011 gg and corresponding discharged electrodes at 1.9, 1.6, 1.5and 1 V.

which is characteristic of the occupation of the tetrahedral
sites by heavier elements than Li (Fig. 2). During the first
discharge the Fe(III) ions are reduced into Fe(Il) (Fig. 7 and
Table 1), which can be explained by the migration of the Fe
atoms from tetrahedral to octahedral sites. The discharge is
complete at 1 V and all the Fe sites are octahedral. This
mechanism corresponds to the spinel-NaCl phase transition.

XAS at the V L(III) absorption edge lets conclude that Vis
mainly entered as V(IV) on octahedral sites. Measurements
at the Mn K-edge show that Mn is located as Mn(IV)
probably on both octahedral and tetrahedral sites. As for
iron doped compounds, these results can be related to the
observed irreversible insertion mechanisms during the first
discharge (Fig. 5).

5. Conclusion

The electrochemical insertion mechanism in LisTisO5 is
based on the reversible spinel-NaCl phase transformation

LisTisOyp 4 3Li < Li;TisOps

The theoretical capacity is 175 mAh/g. We have shown
that the electrochemical performances are strongly related to
the existence of defects in the material: the octahedral
defects (16d) reduce the capacity and the tetrahedral defects
(8a) create an irreversible insertion mechanism.

The substitutions Ti/V, Ti/Mn, and Ti/Fe modify the
cation distribution on the sites (tetrahedral 8a, octahedral
16d), change the texture and influence the electrochemical
performances by decreasing the mass capacities. Introduc-
tion of lithium on interstitial sites 48f by chemical insertion
prevents the phase transition.
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