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Abstract

Structural evolution during topotactical electrochemical lithium insertion and deinsertion reactions in ramsdellite-like Li, Ti, O, has been followed
by means of in situ X-ray diftraction techniques. The starting Li, Ti,O4 (x=1) exists as a single phase with variable composition which extends in
the range 0.50 <x < 1.33. However, beyond the lower and upper compositional limits, two other single phases, with ramsdellite-like structure, are
detected. The composition of these single phases are: TiO, upon lithium deinsertion and Li, Ti,O4 upon lithium insertion. Both TiO, and Li, Ti,O4
are characterized by narrow compositional ranges. The close structural relationship between pristine LiTi,O4 and the inserted and deinserted
compounds together with the relative small volume change over the whole insertion—deinsertion range (not more than 1.1% upon reduction) is a
guaranty for the high capacity retention after long cycling in lithium batteries. The small changes in cell parameters well reflect the remarkable

flexibility of the ramsdellite framework against lithiation and delithiation reactions.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lithium titanates, which are known in spinel and ramsdel-
lite form, are interesting candidates as negative electrodes in
rechargeable lithium batteries. Presently, they are being evalu-
ated for use in the next generation of secondary lithium cells.
The most widely considered metal oxide for low potential appli-
cations is spinel LisTisO1;, reported as a zero-strain insertion
compound [1-3]. Indeed, it is used as a commercial negative
electrode [4—6]. Similar performances have been reported for the
spinel LiTi;O4, and a computational study of the electrochem-
ical Li insertion reaction has been recently published [7]. The
high temperature form of LiTi»O4 exhibits the ramsdellite type
structure and has been first described by Petrov and Tsolovski
[8]. Irvine’s group followed in detail the spinel to ramsdellite
transition by means of high temperature neutron diffractometry
[9]. Akimoto et al. showed that all lithium can be chemically
removed from single crystals of LiTi»O4 to yield the ramsdel-
lite form of TiO, [10]. Several reports on the electrochemical
Li insertion has been published regarding the electrochemical
performances as electrode material [11,12].
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First reported for the y-polymorph of manganese dioxide
[13], the ramsdellite structure is composed of distorted edge-
linked MOg octahedra pairs, which form infinite columns by
sharing opposite edges. The resulting columns share corners to
give an open framework structure. Attending to its unit cell,
LiTipO4 can be written as (Lip).[(Tig)f]Og [14], where ¢ and f
stand for channel and framework site, respectively. For LiTi» Oy,
one tetrahedral channel site, named T site, left by the [MOg]
skeleton framework is occupied by the Li* ions.

The main question concerning the intercalation mechanism
into LiTi»O4, however, has not yet been answered. The flat
potential behavior of TiO, with ramsdellite structure has been
suggested to involve two two-phase equilibriums corresponding
to compositions TiO,-LiTi»O4 and Li;TipO4—LirTioO4 [11].
Our previous electrochemical characterization [12] lead to the
same conclusions, although further studies regarding the reac-
tion mechanism have not yet been reported. The aim of the
present work was then to investigate the structural changes that
occur during the insertion and deinsertion of lithium in LiTi; O4.
For this purpose, the structural evolution in ramsdellite-type
LiTipO4 upon Li insertion—deinsertion reactions has been mon-
itored in situ by use of conventional X-rays. In addition, a more
detailed study has been performed in sifu in an operating cell by
use of synchrotron radiation, which provides higher resolution.
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2. Experimental
2.1. Synthesis of positive electrode material LiTioO4

LiTipO4 has been prepared in powder form as previously
reported [9]. The synthesis route included Li; TiO3, TiO; and Ti
metal:

2LiTiO3 + 5TiO2 +Ti — 4LiTi;O4

The following high-purity reagents were used, Li;COs3
(Aldrich), Ti metal (Johnson Matthey) and TiO, anatase
(Aldrich). LipTiO3 itself has been obtained by reaction of
Li,CO3 with TiO; at 800°C. The ramsdellite was prepared
using LipTiO3, TiOy and Ti metal in the appropriate ratios.
The reactants were mixed under acetone and then pressed to
13 mm diameter pellets. The pellets were transferred to a copper
container which was placed in a quartz ampoule, sealed under
vacuum and heated at 1000 °C for 72 h. At the end of the heating
period, the sample was rapidly cooled to room temperature by
quenching in an ice-water bath.

2.2. Electrochemical lithium insertion

Positive electrodes for the electrochemical lithium insertion
studies were prepared as 8 mm diameter pellets consisting of
active material, carbon black (Super-S) and Kynarflex (Elf-
Atochem) as a binder in the weight ratios 85:10:5. Metallic
lithium (Aldrich) was used as both negative and reference
electrode. A circular glass fiber disk was used as separator,
previously soaked in the electrolyte, which consisted of a
1 M solution of LiPFg in 2:1 EC+DMC (LP31, Selektipur®,
Merck). Swagelok™-type cells were assembled with the
aforementioned components in an argon-filled glove box (Vac-
System, H)O<1ppm) and then discharged and charged by
use of a MacPilell multichannel system (Bio-Logic, France)
in galvanostatic mode applying a typical current density of
0.10 mA cm~2 (C/20 rate).

2.3. In situ experiments

In situ experiments using conventional X-ray diffraction
(XRD) were carried out on a STOE diffractometer work-
ing in reflection mode. Monochromatic radiation (Cu Kay;
A =1.5406 A) was used. Diffraction patterns were recorded in the
selected 20-range 15-55°. Data collection for each pattern was
about 36 min. A mixture of LiTi»Og4, carbon black and binder
(79:16:5 weight ratio) conformed to 13 mm diameter pellets was
the positive electrode. The amount of active material LiTiO4
was about 30 mg in each pellet. The in situ cell was assem-
bled in an argon filled glove box and connected to a MacPile
multichannel controller, on which data were collected in gal-
vanostatic mode. Before the initiation of discharge and charge
experiments, a pattern of the starting compound, LiTi;O4, was
collected. A complete discharge—charge cycle was performed in
galvanostatic mode (constant current density of 0.18 mA cm™2).
The lower cut-off voltage was here limited to 0.9 V. Under these
conditions, the intercalation of one Li ion per formula unit was

completed in 23 h. Once the intercalation of one Li ion had been
achieved, the cell was recharged to the starting rest potential.
On the other hand, a complete cycle, but started on charge was
performed under identical experimental conditions.

In situ synchrotron X-ray diffraction (SXRD) experiments
were performed at the B2 line at HASYLAB [15], working in
transmission mode using a circular in situ XRD cell that has
been previously described [16]. Radiation of wavelength was
0.709564 A. A scintillation counter with an analyzing crystal,
in front of it for high resolution, was used as the detector. As a
positive electrode, a mixture of LiTi; O4, carbon black and binder
was used and directly deposited as 13 mm diameter pellet in the
in situ cell of the SXRD machine. For the SXRD experiments, a
MPG multichannel controller has been used. Prior to the charge
and discharge experiments, a pattern of the starting compound,
LiTipO4 was collected. In the first series of experiments, the cell
was discharged in galvanostatic mode under a constant current
density of 0.11 mA cm—2, which allowed the intercalation of one
Li ion per formula unit at C/12 rate. The lower cut-off voltage
limit was 1.25 V. Once the intercalation had been finished, the
cell was charged for deinsertion to a maximum potential of 3V
under the same galvanostatic conditions.

3. Results and discussion
3.1. Electrochemical lithium insertion

The electrochemical lithium insertion in Li, TioO4 (x=1) has
been reported [11,12]. Fig. la shows the complete voltage-
composition (left axis) profile and the incremental capacity
(right axis) curve of a Li/LiTi» Oy cell, previously full charged,
in galvanostatical mode at a current density of 0.18 mA cm™2.
The incremental capacity curve is dominated by two main
(reversible) peaks at 1.32 and 2.2V, in agreement with earlier
reports using cyclic voltammetry [12]. Additional, three smaller
peaks are also observed in the intermediate range, 1.5-2.1V,
especially a peak arising at 2.15 V and separated from the main
peak at 2.2V by only ca. 50mV. In the voltage-composition
profile (Fig. 1a), several regions are distinguishable, indicative
of different reductive processes during the deinsertion—insertion
reaction. A complete discharge performed under slower exper-
imental conditions is shown as a typical voltage-composition
plot in Fig. 1b. The S-shaped voltage-composition curve at the
beginning of the insertion and deinsertion reaction in Li; TiO4
within the 2.1-1.5V range points out that a solid solution is
formed (labeled as II). Small peaks located at 1.6,2.0 and 2.15V
can be detected in the incremental capacity curve. It has been
reported that these three peaks may reflect the presence of several
possible sites for Li insertion [11].

Additional, the flat potential curves observed when more
lithium is inserted into and deinserted from Li;TioO4 corre-
spond to the main peaks observed in the incremental capacity
curve. They are observed in Fig. 1a at 1.32 and 2.20V, respec-
tively. These flat behaviors has been suggested to involve two
two-phase equilibria, TiO2/Li; TipO4 and LijTipO4/Liz TipO4
[11,12]. Thus, the end of the phase transformations would
be marked by (a) the fully inserted single-phase LirTizOy,
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labeled as III and (b) the fully deinserted single-phase TiO,
(or TioOy4), labeled as 1. The apparent compositional existence
ranges for these single phases can be estimated from experimen-
tal results performed under slower conditions as follows: phase I:
0 <x<0.1, phase II: 0.6 <x < 1.2 and phase III: 1.9 <x<2.0.
It has to be noted that the determined apparent compositional
ranges depend on the discharge and charge rate used. While
the insertion of one Li ion per formula unit is achieved after
discharge, the deinsertion of one Li ion per formula was not
achieved after full charge. Even in experiments performed under
quasi-equilibrium conditions it has not been possible to com-
pletely remove one lithium, which is reflected by a value of x £ 0
at the fully charged state. The misfit of data with the theoreti-
cal one-electron-one-lithium count was suggested to be due to a
diffusion constrained deinsertion behavior related to the particle
size of the high-temperature-prepared ramsdellite LiTi»O4 [11].
This fact should be taken in mind when dealing with the struc-
tural characterization by SXRD and the compositional ranges
determined from electrochemical data. Longer electrochemical
experiments would be, evidently, necessary in order to get a
more detailed compositional-structural insight.

3.2. Structural evolution upon lithium
insertion—deinsertion in Li;Ti; Oy

From the electrochemical results shown in Fig. 1, the exis-
tence of single-phases Li, Tio Oy is suggested for the approximate
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Fig. 1. (a) Voltage-composition curve (left hand, solid line) and the corre-
sponding incremental capacity plot (right hand, dotted line) of a Li,TipO4/Li
cell obtained in galavanostatic mode (C/20 rate). For comparison, the voltage-
composition curve (dashed line) of the in situ cell used in the study with
synchrotron radiation has been added. (b) Tentative phase diagram of Li,Ti»O4
(0 <x <2)as atypical voltage-composition plot obtained in galvanostatic mode
under ocv conditions.
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Fig. 2. Selected X-ray diffraction patterns measured under experimental in situ
conditions with various Li composition x for Li, TiO4: 1.0 <x <2.0 (a) and
0.3<x<1.0(b).

compositional limits: 0 <x < 0.1 (phase I), 0.6 <x < 1.2 (phase
II) and 1.9 <x < 2.0 (phase III). The structural characterization
of the Li, TipO4 system was initially performed by means of
in situ powder technique using conventional X-ray diffraction.
Fig. 2a shows a set of in situ X-ray diffraction patterns taken
during the discharge of a Li/LiTi;O4 cell down to 1V yielding
the final composition Li, Ti»O4 with x=2.

The evolution of reflections (1 1 0) and (1 3 0) as guides along
the lithium insertion reaction will be highlighted here. Within
the approximate compositional limit 1.0 < x < 1.32, the contin-
uous shift of both reflections to lower angles is characteristic
of a solid solution domain, which was inferred from the elec-
trochemical measurements (labeled as phase II). For x>1.32,
reflections get broad and asymmetric. Nevertheless, at higher x
values, e.g. x=1.52, the X-ray powder data clearly shows evi-
dence for a second (lithium-inserted) phase (III) with emerging
reflections at slightly lower angles. This is clearly observable
for the (13 0) reflection. Finally, for x values greater than 1.9,
no evidence of phase II in the diffraction patterns can be found,
indicating that the phase transformation has been completed. In
the range 1.9 <x < 2.0, only a slight shift of reflections to lower
angles is observed in this single phase III. Fig. 2b shows the
in situ X-ray diffraction profiles obtained during the charge of
a Li/LiTi»Oy4 cell. On charge, reflections (1 1 0) and (13 0) are
shifted to higher angles, which underlines that phase II does
exist for x< 1. For x<0.50, broadening of reflections (110)
and (130) is observed. However, the lithium-deinserted single
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Fig. 3. Selected SXRD patterns of Li,TiO4 during discharge in the compo-

sitional range 1.0 <x < 1.65 (a) and during charge in the compositional range
0.30<x<1.0(b).

phase (I), evidenced from the earlier electrochemical results,
cannot be unambiguously confirmed in the X-ray powder pat-
terns.

All these Li-driven structural changes in Li, TioO4 are much
better observable in diffraction patterns obtained with SXRD,
which are shown in Fig. 3a for the range including the reflections
(110),(130),(200) and (02 1) along the discharge of a lithium
cell in the range 1 <x < 1.65. The observation of a single phase
(II), two phases (II +III) and finally a single phase (IIT) during Li
intercalation is in perfect agreement with electrochemical results
earlier reported and pointed out in Fig. 1.

As it has been pointed out above, from the electrochemical
results shown in Fig. 1, Li,Ti,O4 should exist as a single-
phase solid solution with a rather wide compositional range
(1.32 <x<0.45), followed by a phase transformation for a
higher degree of lithium deinsertion (x<0.45). The phase
released afterwards (labeled as I in Fig. 1) presents a narrow
compositional existence range. Fig. 3b shows the evolution of
reflections (1 1 0) and (1 3 0) in the SXRD patterns for the angu-
lar range taken during the charging of a LiTi»O4/Li cell. Phase
1L is the pristine compound, LiTi;O4. Upon lithium deinsertion,
the continuous shift of both reflections to higher angles is char-
acteristic of a solid solution domain within the compositional
limits 1.0<x<0.47. This was already assigned based on the
electrochemical measurements (phase II).

Table 1
Unit cell parameters and reliability factors for the Li, TiO4 ramsdellite-type
compounds (space group Pbnm)

x=0 x=1 x=2
a(A) 4.8826(1) 5.0291(1) 5.0605(1)
b (A) 9.4383(3) 9.6239(1) 9.7865(4)
c(A) 2.96212(8) 2.9381(4) 2.9092(1)
Ry (%) 3.39 3.44 3.48
Ryp (%) 4.51 4.53 4.67
Rexp (%) 1.0 1.0 1.0
RBragg (%) 11.2 6.99 10.5

For x < 0.45, reflections get broad and asymmetric, revealing
the coexistence of two ramsdellite-like phases that counteract.
Upon charging, the reflections of the new phase I are growing
at slightly higher 26 values in comparison with the ones from
the pristine compound. Nevertheless, at higher x values, e.g.
x=0.30, the X-ray powder data clearly demonstrate evidence
for the new phase I with emerging reflections at slightly higher
angles (clearly observable for the (1 3 0) reflection).

For quantitative analysis of the Li, Ti»O4 compounds, we
employed the Rietveld method to determine the amount of each
phase present along the lithium insertion—deinsertion. For fitting
of the pristine LiTipO4 phase (II) and the lithium-free TiO, (or
TipO4) phase (I), we used the cell data given in the literature
[9,10].

The structural parameters for the lithium-inserted phase
Li;TipO4 (labeled as III) were derived from the LiTioO4 phase.
The lattice parameters of the three phases are listed in Table 1,
whereas the main structural parameters of the three Li, Ti»O4
phases (x=0-2) as refined from synchrotron X-ray diffraction
data are listed in Table 2.

As a general trend shortening of both a- and b-axis lengths
with a slight growth of the c-axis is observed as the Li con-

Table 2
Atomic positional®>? (x—z) and isotropic thermal® (B) parameters for the
LixTioO4 ramsdellite-type compounds

Atom X y z B (A?)
TiyO4 (TiO2) (x=0)

Li - - - -

Ti —0.0772(5) 0.1353(7) 1/4 1.1(4)

o1 0.636(2) 0.2602(9) 1/4 0.2(2)

02 0.238(1) ~0.022(1) 1/4 02(2)
LiTi»O4 (x=1)

Li —0.057 0.473 1/4 0

Ti —0.0214(9) 0.1408(2) 1/4 1.34)

o1 0.694(2) 0.2762(9) 1/4 0

02 0.242(1) —0.030(1) 1/4 0
LirTipO4 (x=2)

Li —0.057 0.473 1/4 0

Ti —0.026(4) 0.139(1) 1/4 1.5(4)

01 0.681(7) 0.261(3) 1/4 0

02 0.249(4) —0.022(3) 1/4 0

2 All atoms in point positions 4c, £(x, y, 1/4), £(1/2 —x, 1/2+y, 3/4).

b Lithium parameters have been fixed. Data were taken from ref. [11].

¢ B parameter was fixed to zero for those atoms, where refinement lead to
negative values.
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Fig. 4. Variation of the unit cell volume of the different phases present as a
function of the nominal composition x in Li,Ti»O4.

tent decreases, which is in accordance with previous results
from a single crystal study [10]. The orthorhombic unit cell
with space group Pbnm expands isotropically during discharge
(Table 1) of LiTi»O4. The lattice parameters in Li TioO4 reflect
a 0.6% increase in a, a 1.7% in b and a 1.0% decrease in c,
with respect to LiTioO4, with an overall expansion of the unit
cell of 0.9%. During the charge process, the expected inverse
variation is observed. The lattice parameter in TiO, represent a
2.9% decrease in a, a 12.9% in b and a 0.8% increase in ¢, with
respect to LiTipO4. An overall contraction of the unit cell of
4.0% is observed. Fig. 4 shows the evolution of the unit cell vol-
ume of phases I-III as a function of the compositional parameter
X.

The graphic result of the Rietveld fitting of selected patterns
taken along the whole lithium compositional range is shown in
Fig. 5. The observed and calculated patterns are shown together
with their difference for the following compositions: x=1.0 (a)
(pristine phase II); x=1.65 (b) (phase mixture II +III); x=0.33
(c) (phase mixture I+1II). In addition to the reflections from
the ramsdellite-like phases, the strong reflections from the Al-
plunger (cathode current collector) and the Li-anode can be
identified. The composition x=1.0 falls into the single phase
II solid solution domain, whereas the data corresponding to
x=1.65 and x =0.33 are fitted to two closely related ramsdellite-
like phases, I+ IIT and I +1II, respectively.

The experimental set-up of the electrochemical in sifu equip-
ment used in the synchrotron radiation study did not allow us to
fully discharge the cell, e.g. to x=1. However, we have found a
good agreement of the combined structural-compositional data
obtained by means of synchrotron radiation with those obtained
using conventional X-rays.

The evolution of the phase ratios has been analyzed by
Rietveld refinements, and the derived number of phases and
their relative amounts as a function of the nominal compo-
sition x are given in Fig. 6. Starting from the x=1 member,
LiTipOy4, the amount of phase II is decreasing continuously for
x> 1.32 during discharge, while the phase III is formed counter-
acting. The region comprising 1.32 <x < 1.90 is characterized
by a complete and reversible phase transformation II — III with
retention of the orthorhombic ramsdellite structure. The single-
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Fig. 5. Observed, calculated and difference of the fitting of SXRD data recorded
for different compositions in the system Li, TioO4: x = 1.0 (pristine) (a), x=1.65
(b) and x=0.33 (¢).

phase region for phase III is only narrow (1.90 <x <2.0). On
the other hand, phase II is maintained upon charge of LiTi;O4
up to x=0.60. The region comprising 0.60 <x <0.33 is char-
acterized by a complete and reversible phase transformation
II — I with retention of the orthorhombic ramsdellite structure.
The compositional existence range of phase I is very narrow
(0.30 <x<0.33).

It was not possible to accurately determine the positions of the
Li* ions in the structures from the X-ray data, although further
works are presently in progress. However, it can be seen that
both lithium insertion into and deinsertion from the hexagonally
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close-packed array of Lij Ti»O4 (Fig. 7b) causes a shear of the
(2 x 1) ramsdellite blocks accompanied by a structural buckling,
probably in response to the increasing electrostatic interaction
between the lithium ions and the titanium ions in face-shared

(c)

Fig. 7. The structures of (a) ramsdellite-TiO, and its lithiated products: (b)
LiTiyOy4 and (c) Li; TipOy4. Shaded octahedral contain Ti**3* ions, small open
circle=Li* ions.

polyhedra. As a result of the shear the close-packed oxygen
layers, which are initially parallel to the bc plane in Lij TipO4
(indicated by dotted lines in Fig. 7b), are developed parallel to
the ac plane in both lithiated and delithiated structures, Lio TioO4
and TiO; (dotted lines in Fig. 7a and c, respectively).

4. Conclusions

The different processes occurring during the electrochemical
lithium insertion in Li, Ti»O4 have been successfully detected by
using in situ X-ray diffraction methods. The structural charac-
terization of ramsdellite-like Li, TioO4 in the range 0 <x <2 has
shown that the basic structural framework is retained over the
complete lithium compositional range. In situ diffraction analy-
sis by means of high resolution synchrotron radiation allowed to
distinguish between different ramsdellite-like phases with quite
similar lattice constants along the lithium insertion—deinsertion
reaction. Rietveld refinements of the SXRD patterns have shown
that along the phase conversion the amount of each phase
depends linearly on the amount of lithium. Upon discharge a
very low change in the cell volume of Li,Ti;O4 is observed,
which accounts for the excellent cycling properties of this mate-
rial. Bearing in mind that the insertion reaction is developed at
relative low voltage (ca. 1.4V), the utility of Li,Ti»O4 as an
anode in lithium ion batteries is hereby underlined. On the other
hand, during the charge process of Li,Ti»O4 an intermediate
deinsertion voltage is developed accompanied by a moderate
volume change of 4.0%.
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