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The crystal structures of three lithium titanates by neutron diffraction powder profile analysis were
determined. The tetragonal anatase form of Ti0; becomes orthorhombic on ambient-temperature
lithium insertion to LigsTiO; due to the formation of Ti-Ti bonds. The lithium partially occupies the
highly distorted octahedral interstices in the anatase framework in fivefold-coordination with oxygen.
Cubic LiTi;O4 formed by heating LiosTiO, anatase has a normal spinel structure with Li in the
tetrahedral sites. In Li,;Ti,O4 formed by reacting LiTi;O, spinel with n-BuLi at ambient temperature,
the titanium remains in the spinel positions but the lithium is displaced, filling all the available octahe-

dral sites.

Transition metal oxides with tunnel or
framcwork structures have been investi-
gated intensively as hosts for lithium inser-
tion at ambient temperature. The study of
TiO, based compounds affords a variety of
such structures of related chemistry with
different host geometries. Both the Brook-
ite and Rutile forms of TiO, insert only
small amounts of Li either electrochemi-
cally or from n-BuLi, whereas the anatase
and TiO, (B) forms react extensively, with
stoichiometries up to about 0.7 Li/Ti (/-4).
For anatase, the originally tetragonal host
structure becomes orthorhombic on Li in-
sertion. The product LiysTiO; is obtained
on reaction of n-BuLi with anatase under
mild conditions, and on heating to 450-
500°C transforms from the orthorhombic
phase to a cubic spinel phase with a crystal-
lographic unit cell and electrical properties
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(superconducting phase transition at about
~12-13 K) identical to those of the LiTi,O4
phase synthesized at high temperatures (5).
Reaction of this cubic phase LiTi,O4 with n-
BuLi results in the accommodation of ad-
ditional lithium, to a stoichiometry of
Li,Ti,O4, with a small contraction of the
cubic crystaliographic unit cell dimension.

In this report we elucidate the results
of structural studies of the compounds
Liy sTiO; (anatase), the LiTi,O4 cubic phase
prepared by heating that compound above
450°C, and the Li,Ti,O4 product obtained
by lithiation of the cubic LiTi;04 phase at
ambient temperature. The structures of all
3 phases were determined by neutron dif-
fraction powder profile analysis (NDPPA).
Detailed structural study is otherwise not
possible on such materials, because single
crystals are not available.
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We have found the inserted Li ions to
partially occupy the octahedral interstices
in the highly distorted cubic close-packed
(ccp) oxygen array in anatase TiO,. Within
those interstices, their coordination is
closer to five- than to sixfold. The tetrago-
nal to orthorhombic distortion is due to the
formation of zigzag chains of Ti—Ti bonds,
whose presence is suggested by the non-
metallic resistivity of the Li-anatase (3), at-
tributable to localized electrons. On heating
above 450°C, the compound becomes elec-
trically conductive, the structure changes
irreversibly to spinel type LiTi,O4 with the
coordination of Li changing from five- to
fourfold, and the anion array distorted only
slightly from ideal ccp. The LiTi;O4 phase
formed at elevated temperatures also has
the spinel structure, although a detailed
crystallographic study has not yet been re-
ported. On further lithiation of the LiTi,0,
phase to Li,Ti;O;, the lithium is completely
displaced from the tetrahedral sites and fills
the octahedral sites, while the titanium po-
sitions are unchanged. The structure of
Li,Ti,0, may be thought of as a new or-
dered rock salt type, with the ccp oxygen
array insignificantly distorted from ideal.

Experimental

Neutron diffraction measurements were
performed on the high-resolution five-
counter powder diffractometer at the NBS
Reactor, with neutrons of wavelength
1.5416(3) A. The experimental conditions
used to collect the data are presented in
Table 1. The powder profile refinement was
performed using the Rietveld program (7)
adapted to the 5-detector diffractometer de-
sign and modified to allow the refinement of
background intensity (8). The program has
been further modified to describe non-
Gaussian profiles with the Pearson Type
VII distribution, which allows the lineshape

TABLE I

ExPERIMENTAL CONDITIONS USED TO COLLECT THE
NEUTRON POWDER INTENSITY DATA FOR LITHIUM
TiTANIUM OXIDES

Monochromatic  Reflection 220 of a Cu
beam monochromator
Wavelength 1.5416(3) A
Horizontal (a) In-pile collimator 10" arc
divergences (b) Monochromatic 20" arc
beam collimator
(¢) Diffracted beam 10" arc
collimator
Monochromator  ~15" arc
spread
Sample Vanadium can ~10 mm
container in diameter
Angular ranges 10-40, 30-60, 50-80.
scanned by 70-100, 90-120

each detector

Angular step 0.05°

to be varied continuously from Gaussian to
Lorentzian by changing one additional pro-
file parameter. This method, described in
detail elsewhere (9) was critical in the re-
finements of the structures. For LiysTiO,
anatase and LiTi,O, spinel the profile was
best fit for peak shapes described by the
Pearson Type V11 distribution with 2m = 8,
a modified Gaussian shape. For Li,T1,0,, a
more Lorentzian 2m = S was the best fit to
the peak shapes.

The neutron scattering amplitudes em-
ployed were b(Li) = —-0.214, b(Ti) =
—0.344, and »(0) = 0.58 (x10-2 cm) (10).
Approximate values of the background pa-
rameters were obtained at positions in the
pattern free from diffraction effects, and
initial unit cell parameters were obtained by
least-squares fits to several low angle lines
in powder X-ray diffraction patterns for all
compounds. In the refinement of the struc-
tural models, all structural, lattice, and
profile parameters were refined simulta-
neously. Refinements were terminated
when in two successive cycles the factor R,,
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TABLE 11
THE STRUCTURE OF LijsTiO, (ANATASE TYPE)

Crystallographic unit cell

a b ¢
LiysTiO, 3.8082(1) 4.0768(1) 9.0526(4)
Anatase 3.784(1) 3.784(1) 9.515(2)
Liy sTi0O,
Space group: Imma, 7z = 4
Position
_ Thermal parameter
Atom X ¥ z B. A?
Ti 4e 0 i .8871(5) ST
01 4e 0 i 1030(2) T15)
02 4e 0 i 6521(2) 75(5)
Li¢ de 0 i .343(2) .59(3)
Ry =6.71% R, = 6.59% R. = 8.81% Ry = 637%

Anatase Ti0O, in same space group (//):

Atom Position X y z
Ti 4e 0 b 875
O 4e 0 i .082
O 4e 0 i .668

Re = 2| I(obs) — I(calc)|
N 2 1(obs)
R — S|y(obs) — y(calc)|
P Zy(obs)
R - {EW[y(obs) - y(c;alc)]z}lr’2
» Swly(obs))?
. {N - P+ C}w
E7 1Zwly(obs)]?

where N = number of independent observations, P = number of parameters, C = number of con-
straints, y = counts at angle 26,/ = integrated Bragg intensities, and w = weights

4 Two Li/Cell are disordered over the 4 equivalent 4e positions.

(see Table II) varied by less than one partin  Results
a thousand. In the final refinements, 15 pro- o
file parameters were varied for each com- LiysTiO, (Anatase)

pound, 5 structural parameters were refined
for the cubic phases, and 11 for orthorhom-
bic LigsTiO, anatase (including lattice pa-
rameters).

The space group of anatase is [4,/amd
(No. 141). The 4 formula units/crystallo-
graphic unit cell are distributed such that Ti
occupy 4 equivalent sites of fixed position
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(4a, 000) and the O occupy 8 equivalent
sites with 1 variable parameter (8¢, 00z, z =
0.2081) (/7). On lithiation, tetragonal sym-
metry is broken, and the unit cell becomes
orthorhombic, with the two formerly equiv-
alently ao directions becoming different in
length by about 7% and the ¢ axis shrinking
by about 5%. The cell parameters are pre-
sented in Table II. Inspection of both the
powder X-ray diffraction and neutron dif-
fraction patterns of LiysTiO, indicates that
the anatase unit cell has maintained its
body centering on lithium insertion, and
comparison of the relative intensities of
the powder diffraction lines for LiysTiO,
and anatase indicates that the TiO, host has
not been greatly distorted on lithium inser-
tion. Consideration of the orthorhombic
space groups indicates that only a few are
consistent with positions that would be ob-
tained from those of the atoms in tetragonal
TiO, with minor distortion. These space
groups are Imm2, Imma, and Ima2. The ap-
proximate coordinates of the Ti and O at-
oms in Imm?2 are obtained from the coordi-
nates in tetragonal anatase by a simple
one-to-one correspondence of the I4,/amd
4a (Ti) positions and 8¢ (O) positions with
the 24 and 2b positions in Imm2. The de-
crease in symmetry from tetragonal to
orthorhombic in this case results in two in-
equivalent Ti positions (thus allowing the
possibility of localization of Ti**, Ti** ions)
and four inequivalent oxygen positions. To
obtain approximate positional coordinates
in Imma and Ima2, the atom coordinates in
anatase must first be transformed from
those in the first setting of 14,/amd to a co-
ordinate system where the center of sym-
metry is the origin of the space group by
adding the vector (0.025, —0.125). Again, a
simple one to one correspondence of the Ti
and O positions in anatase to positions in
Imma and Ima?2 can be found. In Imma, the
4e positions correspond to the 4a positions
for Ti in I4,/amd, and the 8¢ positions in
I4/amd, become two inequivalent sets of

4¢ positions, allowing the distinction of two
independent sets of oxygen atoms. The
possible atomic positions in /ma2 are ex-
actly equivalent to those for Imma except
that each set of atoms is allowed one addi-
tional positional degree of freedom.

Initial refinements of the structure were
in space group Imm?2 and indicated that the
Ti and O atoms were indeed close to those
positions predicted by a direct one-to-one
correspondence to the positions in anatase.
Difference Fourier synthesis based on the
observed and calculated structure factors
extracted from the profile fit indicated that
the Liions were located in the vacant octa-
hedral interstices in the distorted ccp oxy-
gen array. In Imm2 there are two sym-
metrically inequivalent Li positions, and
refinement of the occupancies (two Li/cell
are distributed over four total sites) indi-
cated that they were occupied with equal
probability. Refinement in /mm2 proceeded
to the agreement factors Ry = 8.88, R, =
7.16, R,, = 9.55 with Rg = 6.37. (The agree-
ment factors based on Bragg intensities,
profile, and weighted profile fits, and that
expected based on statistics alone, respec-
tively.) There are two symmetrically inde-
pendent Ti and Li positions and four sym-
metrically independent O positions in this
space group. Inspection of the atomic coor-
dinates for each atom type indicated that
the refined positions fell into groups of two
sets of multiplicity two which, within sev-
eral standard deviations, were equivalent to
the multiplicity four positions of the atoms
when described in space group Imma.
Therefore the higher symmetry space group
was indicated.

Refinement in space group Imma pro-
ceeded smoothly to better agreement fac-
tors than obtained in Imm2, Ry = 6.71, R,
= 6.59, R, = 8.81, Rg = 6.37, indicating
that this space group was indeed correct.
The final atomic coordinates are presented
in Table II. In Imma all Ti atoms are sym-
metrically equivalent, as are all Li atoms,
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and there are two sets of symmetry equiva-
lent oxygen atoms. The two Li/cell are ran-
domly distributed over the four available
octahedral interstices. The relatively small
distortion of the host structure on Li inser-
tion can be seen by comparing the Ti and O
positions in LiysTi0O, with those for TiO,
anatase transposed to the same coordinate
system (Table II). Finally, refinements in
Ima? involving the addition of one posi-
tional degree of freedom perpendicular to ¢
for each of the sets of atomic positions in
Imma and did not result in significant dis-
placements of the atoms from their Imma
positions, and thus the coordinates pre-
sented in Table Il are the final structural
parameters for Li, sTiO, anatase. Compari-
son of the observed and calculated neutron
diffraction powder profiles is presented in
Fig. 1.

The structure of LigsTiO, is shown in
Fig. 2, in which the TiO4 octahedra of the
anatase framework are emphasized by solid
and dotted lines. The anatase framework
has been distorted very little by the inser-
tion of the lithium. The distortions from
regularity of the TiOg¢ octahedra are actu-
ally smaller for LiysTiO, than for anatase.
For both structures, the oxygen array is sig-
nificantly distorted from the ideal cubic
close-packing arrangement. Bond lengths
and angles for the TiO, coordination poly-
hedron are presented in Table I11. Compari-
son of the Ti-O distances to those in ana-
tase, 1.934(x4) and 1.980(x2) A (/1),
indicates a general expansion and a larger
range of distances in Liy sTiO,. The O-Ti-
O bond angles are more regular than those
in anatase (101.9° (/1)) as are the O-0 dis-
tances (2.47-3.04 A in anatase (11)). There
are two sets of Ti—Ti distances, 2.887, and

FiG. 1. Observed and calculated neutron diffraction
powder pattern for Li;sTiO-, anatase form. Below the
observed and calculated patterns for each counter,
plotted on the same scale, is the difference between
observed and calculated intensities.
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F1G. 2. The structure of Li,<Ti0,, anatase form, ¢

axis horizontal, a axis vertical, b axis out of the page.
Open and closed symbols are at y = | and y = §,
respectively: A = Li, O = Ti, 0 = 01,0 = O2. The
anatase Ti0O, framework has been accentuated by out-
lining the TiO, octahedra.

3.128 A, which occur so as to form zigzag
Ti-Ti bonded chains along the 4 direction.

The vacant “‘octahedral’ interstices in
anatase are quite irregular, and the lithium
in LigsTiO, is actually five-coordinated to
the oxygen of the framework. Five oxygen
atoms can be found at distances of 1.97-
2.17 A, with one oxygen beyond the first-
coordination shell at 2.80 A (Table I11). The
fivefold Li-O coordination in LiysTiO, is
quite similar to the fivefold-coordination for
Li in the insertion compound Li,FeV;04
(12). The inserted Li increases the regular-
ity of the octahedral interstice somewhat.
The Li—~O coordination polyhedron is pre-
sented in Fig. 3A, the Li ion is situated in
the available interstice in a manner that al-

19ws five distances to be approximately 2
A.

LIT1204 Splné’l

Structural refinement for the LiTi,O4 cu-
bic phase obtained by heating Liy sTiO, ana-
tase above 500°C was straightforward. Ini-
tial coordinates for all atoms were taken as
those of an ideal spinel structure, space
group Fd3m, and initial lattice parameter qq
taken as that previously reported for the
phase of same stoichiometry synthesized at

TABLE 111

BoOND LENGTHS AND ANGLES FOR
Liy sTiO; (ANATASE FORM)

1. Lithium coordination polyhedron

Li-O1(x2) 1.966(5)

Li-02(x2) 2.039(5)
Li-O1 2.172)
Li-02 2.80(2)
O1-Li-02(x4) 89.7(1)
O1-Li-02(x2) 75.6(5)
O1-Li-0O1(x2) 104.4(5)
O!-Li-Ol 151.2(10)
02-Li-02 177.5(10)
O1-Li-02 180
01-01(x2) 3.273(3)
O1-02(x2) 3.012(2)
01-02(x2) 2.993(2)
01-02(x4) 2.825(hH
02-02(x2) 3.427(3)

IT. Titanium coordination polyhedron

Ti-01(x2) 2.040(1)
Ti-02(x2) 1.937(1)
Ti-01 1.955(5)
Ti-02 2.127(5)
O1-Ti-02(x4) 90.46(2)
O1-Ti-02(x2) 92.5(1)
O1-Ti-O01(x2) 87.5(1)
02-Ti-02(x2) 79.4(1)
02-Ti-02 158.9(3)
O1-Ti-01 175.0(3)
01-Ti-02 180
O1-01(x2) 2.763(2)
01-02(%2) 3.012(2)
01-02(x4) 2.825(1)
01-02(x2) 2.993(2)
02-02(x2) 2.601(3)

HI. Metal-Metal Distances

TI-Ti(x2) 2.887(6)

Ti-Ti(x2) 3.128(7)
Li-Li(x2) 2.54(2)
Li-Li(x2) 3.50(1)
Li-Li(x4) 2.818(3)
Li-Ti(x2) 2.91(h
Li-Ti(x2) 31001

69
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214
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Fig. 3. Comparison of lithium coordination geometries. {A) Five-coordinate Li-Q geometry in
LiysTiO,, anatase, (B) tetrahedrally coordinated Li in LiTi,Oy4, and (C) octahedrally coordinated Li in

LisTi:Os.

high temperatures (5). Taking the origin of
Fd3m at the center of symmetry, the Li
fully occupy (in an ordered array) the tetra-
hedral interstices site 8a, (%, 4, #) in the ccp
oxygen array, the Ti are in octahedral sites
16d (3, 3, %), and the O are in sites 32¢ (x, x,
x) with a variable positional parameter x
approximately equal to . The final struc-
tural parameters are presented in Table 1V,
The agreement factors for Bragg intensi-
ties, profile, and weighted profile fits, com-
pared to that expected from statistics alone,
are indicative of the excellent fit of the data

TABLE IV
THE STRUCTURES OF LiTi:0; (SPINEL) AND L1,Ti,O4

Space Group Fd3im

LiTi-O, Li;Ti,O4
. A 8.4033(1) 8.3756(1)
Ti
Position 16d 16d
. (0.5, 0.5.0.5) (0.5, 0.5, 0.5
B. A* 0.46(3) 0.2(1H
Li
Position 8a 16¢
(0.125, 0.125, 0.125) 0, 0,0
B A? 2.0(1) 2.002)
O
Position 32e 32¢
(x, x, x) (x, x. x)
x = .26257(5) X o= .2552(
B, A? 0.60(2) 0.53(3)
Agreement factors
Ry (%) 5.74 4.06
R, (%) 6.78 7.72
R, (%) 9.16 10.16
Re (%) 5.38 6.22

to the spinel” structure. The difference
Fourier map employing the observed and
calculated structure factors extracted from
the profile fit indicated no significant anom-
alies. Observed and calculated neutron dif-
fraction powder profiles are shown in Fig.
4. The structure of LiTi,O4 spinel is pre-
sented in Fig. 5.

The transition at S00°C from the Liy sT10>
anatase-based structure to that of LiTi-Oq
spinel involves major structural reorganiza-
tion. Although the oxygen array is nomi-
nally cubic close-packed in both cases, that
of LiysTiO, is severely distorted whereas
that of LiTi,0, is nearly ideal; as seen in the
oxygen positional parameter of 0.263 com-
pared to the ideal 0.250. During the phase
transition the Ti atoms remain octahedrally
coordinated but undergo major spatial rear-
rangement. The lithium ion coordination
changes from five- to fourfold with oxygen,
and they become long-range ordered. Bond
lengths and angles for LiTi,O4 are pre-
sented in Table V. The lithium coordination
is that of an ideal tetrahedron, with equal
Li—-O bond distances and O-Li-O bond an-
gles of 109.47°. The 2.00-A Li-O bond dis-
tance is in good agreement with those found
for Li—O in other oxides. The LiO, tetrahe-
dron is shown in Fig. 3B: The TiOg octahe-
dron is significantly more regular than it is
in Li; sTiO, anatase, but is still somewhat
distorted from the ideal, with equal Ti-O
bond distances, but O-Ti—-O angles (83.8
and 96.2°) which deviate from the ideal 90°.
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Fi1G. 5. The structure of LiTi,O, spinel in the (oef)
plane. (A) Oxygen, O, and Ti, B, atz = 0: A = Liat ;
=} (B)Oxygen, C.and Ti, B, at: = }.and Li. A, at -
= #. Other levels related by face centering.

The Ti—O bond distance of 2.001 A is not
significantly different from the average Ti-
O distance in Li,sTiO- anatase, 2.006 A.
Each Ti in the spinel phase has six equidis-
tant Ti neighbors at distances of 2.97 A, a
value intermediate to the bonding and non-
bonding distances found in LiysTiO, ana-
tase.

Li, 11,04

Refinement of the structure of the Li»
Ti,0, phase obtained by room-temperature
insertion of Li into LiTi,O4 also proceeded
in a straightforward manner. Initial coordi-
nates for Ti and O atoms were taken as
those determined for LiTi>Oy4 spinel. The
posttions, in Fd3m, origin at center of sym-
metry, are Ti, 16d (3, %, 1), and O, 32¢ (x, x,
x), x approximately 0.25. Difference
Fourier synthesis employing the observed
and calculated Bragg intensities extracted
from the profile fit indicated that the Li fully
occupied the 16¢ (0, 0, 0) positions, the oc-
tahedral interstices. Structural parameters
for the final model of Li,Ti,O, are presented
in Table IV. The structure is an ordered
rock salt type, with Li and Ti occupying all
the octahedral interstices in a nearly ideal
(x = 0.255 for O, 0.25 ideal value) cubic

F1G. 4. Observed and calculated neutron diffraction
powder patterns for LiTi,O4. Below the observed and
calculated patterns for each counter, plotted on the
same scale, is the difference between the observed and
calculated intensity.
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BOND LENGTHS AND ANGLES LiTi,O4 (SPINEL) AND
¢ LixTi-0;4
) Distance or angle
& (A or degrees)
) JL. ‘ LiTi,O,
pr— e . Lithium-oxygen tetrahedron
: Li~O(x4) 2.002(1)
T T O-Li—O(x6) 109.47(2)
?100 140 180 20 W0 00 M40 380 420 460 O_O(XG) 3270(l)
o 1I. Titanium-oxygen octahedron
i Ti~O(x6) 2.001¢1)
£ O-Ti-0(x6) 83.80(2)
. 1 (X6) 96.20(2)
(Xx3) 180
3 0-0(x6) 2.979(1)
. | (X6) 2.672(1)
) | 1. Metal-metal
v W Li-Li 3.639(1)
4 B Ti~Ti 2.971(1H)
) o Li~Ti 3.484(1)
Li-Ti,O,
i [. Lithium-oxygen octahedron
. Li-O(x6) 2.138(2)
i O-Li=0(x6) 92.31(6)
;;” (X6) 87.54(7)
»‘9. {x3) 180
' e 0-0(x6) 2.963(1)
v o (x6) 2.838(3)
1. Titanium-oxygen octahedron
o Ao dse deo wn s Wn mo a0 860 Ti-Q(x6) 2.05102)
O-Ti-0(x6) 92.46(7)
‘# (X6) 87.54(7)
‘L“ (X3) 180
0-0(x6) 2.963(1)
| (X6) 2.838(3)
] II1. Metal-metal
— s - e Li-Li 2.961(1)

- - Ti-Ti 2.961(1)
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close-packed oxygen array. The agrcement
factors presented in Table 1V indicate an
excellent fit of the structural model to the
powder neutron diffraction data, and a dif-

i

'
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F1G. 6. Observed and calculated neutron diffraction

i

patterns for Li.Ti-O,. Below the observed and calcu-
lated patterns for each counter, plotted on the same

scale, is the difference between the observed and cal-
jo® S0 560 1020 1080 1100 1140 11860 1220 1280 culated intensity.
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ference Fourier synthesis based on ob-
served and calculated structure factors
showed no significant features. Observed
and calculated neutron diffraction powder
profiles are presented in Fig. 6, and a repre-
sentation of the final structural model in
Fig. 7.

The Ti and O positions in LiTi-Oy4 are vir-
tually unchanged on the insertion of Li to
form Li>T1-O4, with the volume of the unit
cell decreasing by 1% with the additional Li
ion per formula unit. The major difference
occurs in the coordination of Li, which
changes from tetrahedral to octahedral.
The octahedral Li coordination minimizes
Li—Li interactions and makes all Li atoms
equidistant. Bond lengths and angles for
Li,Ti,O4 are presented in Table V. Both
the LiOg and TiOg octahedra are of nearly
ideal geometry, each with six equal M-O
distances and O-M-Q angles very close to
90°, The Li-O distance is larger (2.14 A) in
the octahedral configuration than in the tet-
rahedral (2.00 A) configuration, as ex-
pected. The LitOg octahedron is slightly
larger than the Ti**Oq octahedron, and is
shown in Fig. 3C. The Ti-Ti distances have
not changed significantly on insertion of Li
Ti,O4 to Li>Ti,Oy4, although the Li-Li and
Li-Ti separations have decreased, due to
the doubling of the number of Li atoms per
unit cell. The oxygen array is even closer to
ideal ccp in Li;Ti,Oy4 than in LiTi,Oy4, with a
variation of O-0 distances of only 0.24 A in
the former, compared to 0.60 A in the lat-
ter.

Discussion and Conclusions

The lithium titanium oxides formed on
the basis of lithium insertion in anatase
TiO, display interesting physical and struc-
tural characteristics. The structural studies
of Liy sTiO, anatase find the inserted Li ions
to occupy 3 of the available “‘octahedral’
interstices, in a S-coordinate Li—O polyhe-
dron, in the distorted ccp TiO, anatase host
structure.
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FiG. 7. The structure of the ordered rock salt

)

Li.Ti,0, phase in the (¢ol) plane. Oxygen, C: Ti, B
and Li, A. (A) z = 0. (B) z = }. Other levels related by
face centering.

Although the electron counts for Lijs
TiO, (anatase) and LiTi,O4 (spinel) are
equivalent, the former has very low clectri-
cal conductivity and magnetic susceptibil-
ity, whereas the latter is a high 7. supercon-
ductor (3, 5). The structure of TiO, anatase
is such that Ti-Ti distances are 3.039 A, a
nonbonded distance. In Li, <TiO, the Ti-Ti
distances have become differentiated (Ta-
ble I1I) to sets of long (3.128 A) and short
(2.887 1&) distances, indicating the probable
localization of the 0.5 electron donated by
the inserted Li in Ti=Ti bonds. The short
Ti-Ti separation is shorter than the scpara-
tion in LiTi,O, spinel (Table V), where all
Ti-Ti neighbors are 2.97-A distant. Com-
parison of the Ti-Ti separations in Liy sT10,
to those found for TizOs (/3), which range
from 2.61 to 3.17 A across shared octahe-
dral edges, indicates the short 2.87-A sepa-
ration in Liy sTiO- to be characteristic of an
intermediate strength Ti-Ti bond. The
bonded Ti atoms in LiysTiO- form zigzag
chains within edge-shared octahedra run-
ning parallel to the b axis. Parallel to the a
axis are only the long (3.13 A) distances.
The existence of the metal-metal bonds ex-
clusively along » thus explains the reduc-
tion in symmetry from tetragonal to
orthorhombic on Li insertion, and the dif-
ferentiation of the length of the « and b unit
cell dimensions. All Ti atoms are equivalent
and involved in two bonds, which are thus
formally quarter electron bonds. The inter-
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mediate Ti-Ti separation is consistent with
that bond strength.

Chemical and electrochemical insertion
experiments have found that Li can be in-
serted into anatase to a maximum stoichi-
ometry of Liy;TiOs. The structural study of
LiysTiO; has found the Li to partially oc-
cupy the ‘‘octahedral’’ interstices in a dis-
ordered manner, in a five-coordinate poly-
hedron. Complete filling of the available
sites would result in a stoichiometry
LiTiO;. The 0.7 Li/Ti stoichiometry limit is
therefore not imposed by the availability of
interstitial sites in the TiO, host, but is ap-
parently due to Li-Li repulsive interactions
across an edge shared by neighboring LiOs
polyhedron, where the separation would be
2.54 A for neighboring polyhedra simulta-
neously occupied. The significant distortion
in the TiO, host array results in an intersti-
tial site geometry where the potential Li
sites have sets of short (2.54 A) and long
(3.50 A) Li~Li separations. In this regard,
comparison of the structure of LigsTiO» to
that of the tetragonal phase of LiFeO, syn-
thesized below 650°C, is of interest (/4).
The crystallographic unit cell parameters,
4.048, 4.048, and 8.737 A, are quite compa-
rable to those of Liy s Ti0- (3.808, 4.077, and
9.053 A), and the tetragonal symmetry is
that of anatase, as there are no metal~metal
bonds. The Li and Fe coordinations are
nearly regular octahedra, with the same
cation ordering scheme as in Li, sTiO,, and
the oxygen array is much closer to that of
ideal ccp. For this compound, with only a
slightly larger unit cell volume than that of
LiysTiO,, the Li-Li separations are all
equal at approximately 2.98 A. Thus for an
FeO, structure of anatase-like geometry,
one Li per Fe can be accommodated in the
array of octahedral interstitial sites, due to
their relatively large separation; which can
be attributed, in turn, to the regularity of
the Fe and O array. In Li, TiO,, the severe
distortion of the interstitial site geometry
does not allow the accommodation of Li in

sites with large Li-Li separations, and a
limit of x = 0.7 is reached when the Li-Li
repulsive interactions become very strong.
These repulsive interactions become
stronger in two ways as x is increased, due
both to the increase in the concentration of
Li, which increases the number of Li-Li
neighbors at 2.54 A, and to the increasing
distortion of the TiO. array due to the
strengthening of the Ti-Ti bonding as more
¢lectrons from the inserted Li ions are do-
nated fo the bond.

The transformation from Li,TiO, ana-
tase to LiTi,O, spinel at 450°C is apparently
one of extensive crystallographic strain re-
lief: the highly distorted LiysTiO> anatase
structure becomes a nearly ideal ccp spinel,
with quite regular coordination polyhedra.
Previous studies have found this spinel
phase to display the same superconducting
properties as the LiTi,O, phase prepared by
conventional high temperature synthesis
techniques, and therefore the details of the
structural model for LiTi,O4 spinel devel-
oped here are likely to hold true for the
compound synthesized at high tempera-
ture. LiTi,Oy4 spinel can further react with
n-Bul.i at room temperature to form Lis
TihO4, a [ : 1 Li: Ti ratio unattainable in the
anatase form. This ordered rock salt phase
is of nearly ideal dimension, indicating a
good balance of the electrostatic forces. In
order to accommodate the additional lith-
tum, the tetrahedrally coordinated lithium
has been displaced to occupy octahedral
sites, with an accompanying sharp drop in
the emf of an electrochemical cell (vs Li
metal) (6). The equilibrium high tempera-
ture phase at this composition, LiTiO;, is
of the rock salt type, with Li and Ti ran-
domly distributed among the octahedral
sites of the fcc oxygen array. The nearly
exact equivalence of the LiOg and TiO¢ oc-
tahedra in the ordered compound Li,Ti,04
studied here suggests that the increased en-
tropy of the disordered phase is the main
reason for its preferred thermodynamic sta-
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bility. Li displays four-, five-, and six-fold
coordination with oxygen in this series of
compounds. Studies of the insertion chem-
istry and structures of lithium—titanium ox-
ides have been fruitful in developing an un-
derstanding of Li insertion in close-packed
oxide structures, which has been discussed
in detail in a previous publication (6).
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