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Orthorhombic distortion on Li intercalation in anatase
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The mechanism of the tetragonal-to-orthorhombic transformation upon Li-intercalation into anatase struc-
tured titania has been studied using first principle calculations. The primary mechanism for the formation of the
orthorhombic phase is found to be the accommodation of donated charge in localized Ti-dyz orbitals leading to
a cooperative Jahn-Teller-like distortion of the lattice. This model is examined further by considering electron
addition states in pure anatase and the analogous structures of H0.5TiO2 and Na0.5TiO2 . It is shown that the
rigid band model is not valid and population of the degenerate Ti-dxy,yz orbitals occurs beyond a critical
concentration due to the repulsive interaction of the localized electrons. It is shown that the stability of the
Li0.5TiO2 structure is related to the similarity of the ionic radius of Li1 and Ti13 ions. Optimal configurations
of H0.5TiO2 and Na0.5TiO2 are also predicted.

DOI: 10.1103/PhysRevB.69.054106 PACS number~s!: 61.50.Ah, 64.60.2i, 71.20.2b
-
ie

ns
p
uc

al
ur
ic

te
al

of

io
r-
l o
Ti
n-

e
L
b

o

el
o
i

p
e

as

m-
of
and
ant
ow-
na-

P
m
ral-

lar

eV
by
ize
te-
er-

ul-
ab-
but
ly.

-
ed

s
e

I. INTRODUCTION

Anatase-structured TiO2 is currently being studied for po
tential applications in solar cells, Li-rechargeable batter
electrochromic displays, and hydrogen sensors.1–5 The flex-
ible electronic structure of the titanium ion allows electro
donated by guest ions to be accommodated while the o
structure provides space for the intercalation of cations s
as Li1, H1, and possibly Na1. Moreover, titanium dioxide
is easily accessible, chemically stable, and cheap; it can
be readily prepared in nanocrystalline form with a high s
face area, low density, and low solubility in typical organ
electrolytes.

Lithium intercalation into anatase has been studied ex
sively with a variety of experimental and theoretic
techniques.5–13 Electrochemical insertion of Li ions at room
temperature proceeds through a two-phase equilibrium
Li-poor ~tetragonal! and a Li-rich~orthorhombic! phase. The
latter has the composition Li0.5TiO2 .11,12The structure of the
orthorhombic phase has been clarified in neutron diffract
experiments.11 The mechanism for the orthorhombic disto
tion has been discussed in terms of approximate crysta
bital calculations and attributed to the formation of Ti-
bonds.14 A chain of Ti-Ti bonds would be expected to e
hance electronic conductivity whereas Li0.5TiO2 has nonme-
tallic resistivity.11 Several theoretical studies, mostly Hartre
Fock calculations, have considered the geometry of
intercalated anatase but in these studies an orthorhom
distortion of the anatase host was not possible due to c
straints imposed on the geometry optimization.15–17

In a previous study a model of Li intercalation was dev
oped, on the basis of first principles calculations, which c
rectly predicts that intercalation proceeds as a two phase
sertion process as well as reproducing the observed o
circuit voltage profile.18 The current study concerns th
structural properties of the lithium rich phase, Li0.5TiO2 , and
the mechanism of the tetragonal-to-orthorhombic ph
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transformation. An understanding of this mechanism is i
portant if reliable models of the intercalation behavior
anatase are to be developed. Optimal structures of Na-
H-intercalated anatase are also considered. Signific
amounts of H ions are known to be present in anatase, h
ever, to our knowledge, the structure of H-intercalated a
tase has not been previously reported.

II. DETAILS OF SIMULATIONS

All calculations were performed using the CASTE
code19,20 within the pseudopotential plane-wave formalis
and spin polarized density functional theory in the gene
ized gradient approximation.21 Ultrasoft pseudopotentials
were used to replace the Ti (1s,2s,2p) and O(1s) core
orbitals.22 Thek-space sampling was performed on a regu
grid with a spacing of 0.1 Å21. A plane wave cutoff energy
of 380 eV was found to converge the total energy to 0.01
per formula unit. Mechanical equilibrium was achieved
unconstrained relaxation of the ionic positions and the s
and shape of a computational unit through conjuga
gradient minimization of the total energy to an energy tol
ance of 0.02 meV, and forces are reduced to 0.05 eV/Å.

Atomic and bond populations are estimated using M
liken population analysis based on atomic orbitals. The
solute populations are dependent on the orbitals chosen
the changes in the charge distribution are reflected reliab

III. RESULTS AND DISCUSSION

Anatase TiO2 adopts the tetragonalI41 /amdspace group
with cell parametersa5b53.78 Å andc59.51 Å ~Ref. 24!
~calculated valuesa5b53.80 Å andc59.51 Å). The struc-
ture consists of distorted TiO6 octahedra sharing two adja
cent edges so that infinite planar double chains are form
~Fig. 1!. In theab planes every O ion has neighboring Ti ion
either in thea or the b directions. The soft modes of th
©2004 The American Physical Society06-1
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lattice are uncoupled vibrations in theab plane andc
direction.25 Between the TiO6 octahedra there are vacant o
tahedral and tetrahedral sites within which Li ions can
accommodated. It has been established previously tha
insertion proceeds into the octahedral sites.11,23 The lower
conduction band of anatase consists of Ti(dxy) orbitals.~The
Cartesianx, y, andz directions are aligned along the crysta
lographica, b, andc directions, respectively.! The degenerate
Ti(dxz,yz) are somewhat higher in energy due to local dist
tions of the TiO6 octahedra which are in turn due to the ed
sharing of the octahedra in thebc andac planes. The splitting
of the t2g orbitals at the bottom of the conduction band
schematically shown in Fig. 2 together with the density
states~DOS! for anatase. The valence band lies betwe
22.82 eV and27.65 eV and is predominantly of O(2p)
character while the lower conduction band at20.8 eV is
made up of Ti(3d) derived states. The computed valen
bandwidth of 4.83 eV is comparable to that measured
x-ray photoelectron spectroscopy~XPS! of 4.75 eV.29 The
band gap of pure anatase is computed to be'2 eV while the
observed value is approximately 3.2 eV.30 This discrepancy
is due to the well known tendency of DFT eigenvalues
underestimate the magnitude of the band gap.

A. The driving mechanism for the orthorhombic distortion

The unit cell of Li0.5TiO2 contains two Li ions that can b
distributed over the four available octahedral positions
two symmetry inequivalent ways as illustrated in Fig. 3,
and B. Full relaxation of both structures has been perform
and in each case leads to an orthorhombic distortion of
lattice. The structure with neighboring octahedra filled~Fig.
3, A! hasPmmasymmetry while the structure with the se
ond neighboring octahedra filled~Fig. 3, B! is of Imm2 sym-
metry. The total energy difference between the structure
very small~0.001 eV per formula unit! thus at room tempera

FIG. 1. A polyhedral representation of two primitive unit ce
of the anatase structure. In each unit cell there are four va
octahedral sites between the TiO6 octahedra.
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ture a random distribution of Li ions over the octahedral si
is expected. The random distribution of Li ions is also app
ent in neutron diffraction data.11 In what follows the random
distribution is mimicked by averaging structural paramet
over the A and B structures resulting in a system with orth
rhombic Imma symmetry. The computed geometry o

nt FIG. 2. The density of states for anatase TiO2 ~a!, an hypotheti-
cal tetragonal Li0.5TiO2 structure ~b! and the orthorhombic
Li0.5TiO2 phase~c!. The data for the different structures are align
at the valence band maximum. The Fermi level for each structur
indicated by a vertical line.

FIG. 3. The primitive unit cells of the two predicted structur
with composition Li0.5TiO2 . In structure A neighboring octahedra
sites are occupied while in structure B second neighbor sites
occupied. Ti ions are shown in white, O ions in black, and inter
lated cations~and their periodic images! in gray. The orientation of
the unit cells is the same as that of bulk anatase in Fig. 1.
6-2
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Li0.5TiO2 is compared to that deduced from diffraction da
in Tables I and II. There is excellent agreement between
computed and measured structures. The orthorhom
Li0.5TiO2 structure is formed from pure anatase by ani
tropic expansion in theab planes~by 1% in thea direction
and 8% in theb direction! and a contraction along thec
direction~by 5%!. Within this structure the Li ions reside i
off-center positions displaced from the center of the octa
dral vacancies by 0.035c along thec direction. In this posi-
tion Li ions are fivefold coordinated with Li-O distance
ranging from 1.97 to 2.05 Å. These values are close to
Li-O distance of 1.996 Å observed in Li2O.26

The orthorhombic distortion of the lattice is due to t
strong coupling between the orbital occupancy on the Ti s
and the local deformations of the lattice. Within the ion
model each Li is expected to donate an electron to the lat
At low insertion concentrations the Li-occupied octahed
site expands in thea andb directions equally as thedxy states
of the lower anatase conduction band are populated. In p
ciple these orbitals could accommodate all of the dona
electrons up to LiTiO2 and thus one might expect th
Li0.5TiO2 to expand in theab plane and to retain tetragona
symmetry. However, this ‘‘rigid-band’’ picture ignores th
localisation of thed orbitals and the resultant strong intera
tions between the occupied states. The effects of these i
actions can best be illustrated by a model calculation
which electrons are added to the anatase unit cell (Ti4O8)
and compensated by a homogeneous positive backgro
charge. A single extra electron is accommodated in thedxy
orbitals but addition of a second electron results in altern
ing ab planes in whichdxy and alsodxz,yz orbitals are popu-
lated. Electrons move into thedxz,yz orbitals due to repulsive

TABLE I. Cell parameters ofC0.5TiO2 , C5Li,Na,H,Å.

Cation Structure a b c Space group

Li Expt. ~Ref. 11! 3.81 4.08 9.05 Imma
Li Expt. ~Ref. 12! 3.85 4.06 8.95 Imma
Li A 3.89 3.99 9.02 Pmma
Li B 3.82 4.04 9.08 Imm2
Li Average 3.85 4.02 9.05 Imma
Li C 3.96 3.96 8.85 P-4m2
Na 3.38 4.01 12.84 Pmn21
H D 3.85 3.98 9.49 P-1
H E 3.85 3.98 8.99 Imm2

TABLE II. Experimental and calculated internal coordinates
Li0.5TiO2 .

Atom

Experiment~Ref. 11! Theory

x y z x y z

Ti 0.00 0.25 0.887 0 0.25 0.876
O1 0.00 0.25 0.103 0 0.25 0.100
O2 0.00 0.25 0.652 0 0.25 0.649
Li 0.00 0.25 0.343 0 0.25 0.338
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interactions between electrons in thedxy states. The resultan
spin density is displayed in Fig. 4. This strongly suggests t
as Li is intercalated into the lattice a critical concentrati
will be reached at which the degeneratedxz,yz orbitals are
populated.

The population analysis of Li0.5TiO2 indicates that each
Li ion donates 0.86ueu to the lattice~equivalent to 1.7ueu per
anatase unit cell! and the system spontaneously distorts
the orthorhombic structure. As a result of the distortion t
degeneracy of thedxz anddyz orbitals is lifted as shown in
Fig. 2~c!. The splittings at the bottom of the conduction ba
described above are specific to the anatase structure. In r
the local symmetry of the Ti sites is different and orthorho
bic distortion does not occur upon Li intercalation. In ruti
the TiO6 octahedra share edges in thec direction and corners
in the ab planes. The distortion of the TiO6 octahedra in-
duced by such packing lifts the degeneracy ofdxz,yz orbitals
in pure rutile. The bottom of the conduction band of rut
consist ofdyz orbitals which are populated upon Li interca
lation.

The role of the distortion can be analyzed by compar
the DOS of the anatase host, the relaxed orthorhombic st
ture and an hypothetical tetragonal structure, which are
played in Fig. 2. The latter structure was generated by re
ing lithiated anatase at a Li to Ti ratio of 1/2 under th
constraint of tetragonal symmetry. In the tetragonal struct
donated charge is accommodated by thedxy,xz,yz states at the
bottom of the conduction band, resulting in a metallic grou
state with a high DOS at the Fermi level. The major effect
orthorhombic distortion is to split these states and reduce
DOS at the Fermi level. Thus the distortion can be cons
ered as a Peierls, or a cooperative Jahn-Teller-like, distor
of the lattice. In the fully relaxed orthorhombic structure t
occupied orbitals are almost purelydyz in character. These
states split slightly from the conduction band and form g
states at 1.74 eV above the valence band edge with a w

FIG. 4. ~Color online! Isovalue surfaces of the spin density fo
anatase doped with one~left panel! and two~right panel! electrons
drawn forSz50.03mB .
6-3
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of 1.5 eV ~Fig. 2!. Such gap states have been observed p
viously in the spectroscopy of Li-intercalated rutile, reduc
TiO2 and its surfaces.23,31,32

B. Limitations of the extent of the orthorhombic distortion

The orthorhombic distortion increases the Ti-O distan
along b from 1.93 Å to 2.02 Å, which is typical of the
Ti13-O distances observed in Ti2O3 ~2.02 Å!.27,28 In the
a direction the Ti-O distance increases very slightly fro
1.93 Å to 1.95 Å. In essence the additional charge recei
by the reduced Ti ions localizes in thedyz orbital and the Ti
ions adopt Ti-O distances typical for Ti13 ions in theb di-
rection and typical for Ti14 ions in thea direction. The ex-
pansion of the lattice alongb results in almost colinear Ti
O-Ti contacts in theb direction ~Fig. 3!. As the typical
Li1-O and Ti13-O distances are very similar the expansi
in the b direction creates an ideal off-center position for t
accommodation of Li1 ions which also form nearly colinea
Li-O-Li contacts alongb ~Fig. 3!. In this off-center position
the Li ions are fivefold coordinated to O~Fig. 3!. Further
expansion of the lattice along theb direction involves
stretching the Ti-O and Li-O contacts beyond typical d
tances and is energetically unfavorable. This limits the ex
of the orthorhombic distortion.

The large expansion of the lattice in theb direction is
accompanied by a contraction alongc. It is important to note
that this contraction is not due to a change in the ‘‘height’’
the octahedra alongc ~which actually increases slightly! but
due to a change in their packing. From the point of view o
layer of octahedra in anab plane, their expansion allows th
layer above to penetrate more deeply. This results in Ti i
adopting off-center positions within the octahedra with Ti
distances of 2.15 and 1.94 Å alongc. The average of thes
distances is 2.06 Å which is a typical bond length for Ti13

ions in the Ti2O3 structure. These asymmetric distortions
the TiO6 octahedra are reminiscent of the displacements
volved in the excitation of then4 andn9 vibrational modes at
399 and 507 cm21.25 These modes have relatively high fr
quencies but are the softest modes which involve displa
ments in thec direction and are thus natural distortions of t
lattice as it accommodates the contraction ofc.

The overall distortion of the structure induces Ti-Ti clo
contacts of 2.82 Å. The contacts form zigzag ‘‘bonde
chains within edge-sharing octahedra exclusively along thb
axis. The Ti-Ti contacts are depicted as bonds in Fig. 3.
noted above, the formation of such Ti-Ti bonds has be
suggested as a mechanism for the orthorhom
distortion.11,14 However, Mulliken analysis of the charg
density indicates that there is no significant population of
Ti-Ti close contacts. The Ti-Ti bonding hypothesis can
examined further by considering the behavior of the hy
thetical tetragonal structure~Table I, structure C!. In this
structure close Ti-Ti contacts of 2.91 Å occur and, as in
orthorhombic structure, there is a strong contraction in thc
direction. It is clear that the Ti-Ti contacts are induced by
deformations upon Li intercalation and are not a prima
cause of the orthorhombic distortion.
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There are small changes in the valence bandwidth on
insertion ~Fig. 2!. More significant changes occur in th
semicore level peaks which may be observable in XPS m
surements. The Ti(3s) and Ti(3p) peaks split by 0.1 and
0.13 eV, respectively, and the bandwidth of the O(2s) band
increases from 1.97 eV to 2.35 eV. These changes reflec
induced structural inequality of the ions and the inhomo
neous distribution of the charge donated by the Li ions.

C. Intercalation of hydrogen and sodium ions

It has been noted above that the similar size of the L1

and Ti13 ions plays an important role in the accommodati
of lithium ions by the lattice. In order to investigate the i
fluence of the size of the cation on the structure of inter
lated anatase additional calculations were performed
which the Li ions were replaced by Na and H ions, and
structure fully relaxed. The resultant optimal configuratio
of Na0.5TiO2 and H0.5TiO2 are shown in Figs. 5 and 6, re
spectively. The calculated cell parameters of the Na0.5TiO2
and H0.5TiO2 structures are compared to those of Li0.5TiO2 in
Table I. It is clear that the deformations of the anatase h
depend strongly on which cation is intercalated.

To form the layered Na0.5TiO2 structure from the
Li0.5TiO2 structure major distortions of the lattice are r
quired. Thec-lattice constant increases by 42% leading
TiO2 layers along thec direction that are offset in thea
direction relative to the analogous layers in the lithiat
structure. Between these layers there are only two availa
octahedral sites and these are fully occupied by Na ions.
Na ions in these positions adopt sixfold coordination to
ions in strongly distorted octahedra. Constrained optimi
tion of the Na structure, in which it is forced to retain th
orthorhombic symmetry of the lithiated structure, results
Ti-O bond lengths of 2.1 Å along theb axis, which are sig-
nificantly longer than those observed in typical Ti13-O struc-
tures ~2.02 Å!. It appears that the larger Na ion cannot

FIG. 5. The predicted structure of Na0.5TiO2 viewed along the
crystallographica ~A! andb ~B! directions.
6-4
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ORTHORHOMBIC DISTORTION ON Li INTERCALATION . . . PHYSICAL REVIEW B69, 054106 ~2004!
accommodated in an anatase-type structure. The transfo
tion to the layered structure allows Ti-O distances in thea
andb directions to be preserved.

H0.5TiO2 is stable in the orthorhombic lithiated structu
but significant differences in the local geometry occur. The
ion does not sit in the center of an octahedron but forms
hydroxyl group with a bond length of 0.98 Å. Each O-
bond is oriented parallel to a Ti-O bond along either thea or
b directions~Fig. 6!. While Li and Na ions transfer most o
their valence electron density to the lattice~86% and 95%,
respectively! the more electronegative H ions donate on
32%. Of this charge 35% is localized on the O ions formi
a chemical bond with the H ions and 65% is transferred
the neighboring Ti ions. These O ions have a charge
20.78ueu whereas O ions receiving charge on Li and N
insertion have a charge of20.72ueu. The formation of an
hydroxyl group is reflected in the DOS as a splitting at t
bottom of the valence O-2s and O-2p bands as shown in
Fig. 7.

The DOS at the Fermi level for both H0.5TiO2 and
Na0.5TiO2 is reduced due to the structural deformations d
cussed above. Despite the difference in the local geometr
the intercalation site the overall orthorhombic distortion
the lattice is similar to that observed in the lithiated structu
This is entirely consistent with the mechanism for the orth
rhombic distortion discussed above. The distortion is due
the accomodation of donated charge by the Ti ions an
thus independent of the local interactions between inte
lated cations and of Ti-Ti bond formation. H0.5TiO2 hardly
contracts in thec direction. This appears to be due to th
change of the nature of the O ions forming the O-H bon

FIG. 6. The predicted structure of H0.5TiO2 viewed along the
crystallographica ~A! andb ~B! directions.
ca

.
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which are only weakly bonded to the rest of the lattice. In
metastable structure containing O-H groups constrained t
parallel to thec direction this effect is much less pronounce
and the structure contacts strongly along thec direction
~Table I, structure E!.

IV. CONCLUSIONS

The mechanism for the tetragonal-to-orthorhombic tra
formation upon Li intercalation into anatase TiO2 has been
studied using first principles calculations. It has been de
onstrated that the rigid band model does not give a cor
picture of the localization of electron density donated on
intercalation. The formation of the orthorhombic phase
due to the accommodation of donated charge in locali
Ti-d orbitals with the occupation of degenerate orbita
above a critical intercalation concentration resulting in a
operative Jahn-Teller-like distortion of the lattice. It has a
been shown that stability of the Li0.5TiO2 depends on the
similarity of the ionic radius of Li1 and Ti13 ions. An analo-
gous Na-intercalated anatase structure is unstable with
spect to a layered geometry while the H-intercalated str
ture has significant differences in the geometry of t
intercalation site. Structures for H0.5TiO2 and Na0.5TiO2 are
predicted.

FIG. 7. The density of states for Na0.5TiO2 ~upper panel, dashed
line! and H0.5TiO2 ~lower panel, solid line!. The Fermi level for
each structure is indicated by a vertical line.
.
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