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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 localidgdofbitals 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 structuressbifo and Nag sTiO, . It is shown that the
rigid band model is not valid and population of the degeneratd,Ji;, orbitals occurs beyond a critical
concentration due to the repulsive interaction of the localized electrons. It is shown that the stability of the
Lio=TiO, structure is related to the similarity of the ionic radius of land Ti"® ions. Optimal configurations
of HysTiO, and Ng sTiO, are also predicted.
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[. INTRODUCTION transformation. An understanding of this mechanism is im-
portant if reliable models of the intercalation behavior of

Anatase-structured TiQs currently being studied for po- anatase are to be developed. Optimal structures of Na- and
tential applications in solar cells, Li-rechargeable batteriestH-intercalated anatase are also considered. Significant
electrochromic displays, and hydrogen sendotshe flex- ~ amounts of H ions are known to be present in anatase, how-
ible electronic structure of the titanium ion allows electronsever, to our knowledge, the structure of H-intercalated ana-
donated by guest ions to be accommodated while the opel@se has not been previously reported.
structure provides space for the intercalation of cations such
as Li", H*, and possibly Na. Moreover, titanium dioxide Il. DETAILS OF SIMULATIONS
is easily accessible, chemically stable, and cheap; it can also
be readily prepared in nanocrystalline form with a high sur- Al calculations were performed using the CASTEP
face area, low density, and low solubility in typical organic codé®?° within the pseudopotential plane-wave formalism
electrolytes. and spin polarized density functional theory in the general-

Lithium intercalation into anatase has been studied exterized gradient approximatioft. Ultrasoft pseudopotentials
sively with a variety of experimental and theoretical were used to replace the Ti §Ps,2p) and O(Js) core
techniques 13 Electrochemical insertion of Li ions at room orbitals?? The k-space sampling was performed on a regular
temperature proceeds through a two-phase equilibrium of grid with a spacing of 0.1 A", A plane wave cutoff energy
Li-poor (tetragonal and a Li-rich(orthorhombig phase. The of 380 eV was found to converge the total energy to 0.01 eV
latter has the composition 44TiO, .22 The structure of the  per formula unit. Mechanical equilibrium was achieved by
orthorhombic phase has been clarified in neutron diffractiorunconstrained relaxation of the ionic positions and the size
experimentsg! The mechanism for the orthorhombic distor- and shape of a computational unit through conjugate-
tion has been discussed in terms of approximate crystal ogradient minimization of the total energy to an energy toler-
bital calculations and attributed to the formation of Ti-Ti ance of 0.02 meV, and forces are reduced to 0.05 eV/A.
bonds!* A chain of Ti-Ti bonds would be expected to en-  Atomic and bond populations are estimated using Mul-
hance electronic conductivity whereas, LTiO, has nonme- liken population analysis based on atomic orbitals. The ab-
tallic resistivity™* Several theoretical studies, mostly Hartree-solute populations are dependent on the orbitals chosen but
Fock calculations, have considered the geometry of Lithe changes in the charge distribution are reflected reliably.
intercalated anatase but in these studies an orthorhombic
distc_)rtion of the anatase host was not possi?le due to con- Ill. RESULTS AND DISCUSSION
straints imposed on the geometry optimizatton'’

In a previous study a model of Li intercalation was devel- Anatase TiQ adopts the tetragonéd, /amd space group
oped, on the basis of first principles calculations, which corwith cell parametera=b=3.78 A andc=9.51 A (Ref. 24
rectly predicts that intercalation proceeds as a two phase irfealculated valuea=b=3.80 A andc=9.51 A). The struc-
sertion process as well as reproducing the observed opdaore consists of distorted TiOoctahedra sharing two adja-
circuit voltage profile®® The current study concerns the cent edges so that infinite planar double chains are formed
structural properties of the lithium rich phaseg LTiO,, and  (Fig. 1). In theab planes every O ion has neighboring Ti ions
the mechanism of the tetragonal-to-orthorhombic phaseither in thea or the b directions. The soft modes of the
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FIG. 1. A polyhedral representation of two primitive unit cells ) ] ]
of the anatase structure. In each unit cell there are four vacant FIG. 2. The density of states for anatase 1@, an hypotheti-
octahedral sites between the fiOctahedra. cal tetragonal LlgsTiO, structure (b) and the orthorhombic
LiysTiO, phase(c). The data for the different structures are aligned

at the valence band maximum. The Fermi level for each structure is

lattice are uncoupled vibrations in thab plane andc indicated by a vertical line.

direction?® Between the Ti@ octahedra there are vacant oc-

tahedral and tetrahedral sites W'th"? which Li lons can beture a random distribution of Li ions over the octahedral sites
_accommodated. It has been established previously that L expected. The random distribution of Li ions is also appar-
Insertion proceeds into the octahedral s_ife%".‘l_’he lower ent in neutron diffraction datd.In what follows the random

conduc_non band of anatase consists ol orbitals.(The distribution is mimicked by averaging structural parameters
Cartesiarx, y, andz directions are aligned along the crystal- o the A and B structures resulting in a system with ortho-

lographica, b, andc directions, respectivelyThe degenerate rhombic Imma svmmetrv. The computed ageometry of
Ti(dy,,) are somewhat higher in energy due to local distor- y y P g y

tions of the TiQ octahedra which are in turn due to the edge
sharing of the octahedra in tlbe andac planes. The splitting

of the t,4 orbitals at the bottom of the conduction band is
schematically shown in Fig. 2 together with the density of
states(DOYS) for anatase. The valence band lies between
—2.82 eV and—7.65 eV and is predominantly of Of2
character while the lower conduction band -a0.8 eV is
made up of Ti(8) derived states. The computed valence
bandwidth of 4.83 eV is comparable to that measured in
x-ray photoelectron spectroscogy(PS) of 4.75 eV?® The
band gap of pure anatase is computed te<2eeV while the
observed value is approximately 3.2 #\This discrepancy

is due to the well known tendency of DFT eigenvalues to
underestimate the magnitude of the band gap.

A. The driving mechanism for the orthorhombic distortion

The unit cell of Ly 5TiO, contains two Li ions that can be b
distributed over the four available octahedral positions in B
two symmetry inequivalent ways as illustrated in Fig. 3, A A
and B. Full relaxation of both structures has been performea
and in each case leads to an orthorhombic distortion of the g, 3. The primitive unit cells of the two predicted structures
lattice. The structure with neighboring octahedra fill€Qy.  with composition Lj sTiO,. In structure A neighboring octahedral
3, A) hasPmmasymmetry while the structure with the sec- sjtes are occupied while in structure B second neighbor sites are
ond neighboring octahedra filléig. 3, B) is of Imm2 sym-  occupied. Ti ions are shown in white, O ions in black, and interca-
metry. The total energy difference between the structures igted cationgand their periodic imagésn gray. The orientation of
very small(0.001 eV per formula unithus at room tempera- the unit cells is the same as that of bulk anatase in Fig. 1.

054106-2



ORTHORHOMBIC DISTORTION ON Li INTERCALATION . .. PHYSICAL REVIEW B69, 054106 (2004

TABLE I. Cell parameters o€, <TiO,, C=Li,Na,H,A.

Cation Structure a b c Space group
Li Expt. (Ref. 1) 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 385 4.02 9.05 Imma

Li C 3.96 396 8.85 P-4m2

Na 3.38 4.01 1284 Pmn21

H D 3.85 3.98 9.49 P-1

H E 3.85 398 8.99 Imm?2

LigsTiO, is compared to that deduced from diffraction data
in Tables | and Il. There is excellent agreement between the
c_omp_uted and m_easured structures.  The orthorho_mblc FIG. 4. (Color onling Isovalue surfaces of the spin density for
LiosTIO, structure is formed from pure anatase by aniso-gnatase doped with oriteft pane) and two(right pane) electrons
tropic expansion in thab planes(by 1% in thea direction  qgrawn fors,=0.0345.
and 8% in theb direction and a contraction along the
direction (by 5%). Within this structure the Li ions reside in ) ]
off-center positions displaced from the center of the octahe'-m_eraCt'0r_‘s betv_veen ele(_:trons in tdil)g, states. The resultant
dral vacancies by 0.085along thec direction. In this posi- SPIN density is displayed in Fig. 4. This strongly suggests that
tion Li ions are fivefold coordinated with Li-O distances as Li is intercalated into the lattice a critical concentration
ranging from 1.97 to 2.05 A. These values are close to th&vill be reached at which the degeneratg, ,, orbitals are
Li-O distance of 1.996 A observed in J0.2° populated.

The orthorhombic distortion of the lattice is due to the The population analysis of §iTiO, indicates that each
strong coupling between the orbital occupancy on the Ti sitegi ion donates 0.86¢| to the lattice(equivalent to 1.7¢| per
and the local deformations of the lattice. Within the ionic anatase unit celland the system spontaneously distorts to
model each Li is expected to donate an electron to the latticehe orthorhombic structure. As a result of the distortion the
At low insertion concentrations the Li-occupied octahedraldegeneracy of the,, andd,, orbitals is lifted as shown in
site expands in tha andb directions equally as the, states  Fig. 2(c). The splittings at the bottom of the conduction band
of the lower anatase conduction band are populated. In pritdescribed above are specific to the anatase structure. In rutile
ciple these orbitals could accommodate all of the donateghe |ocal symmetry of the Ti sites is different and orthorhom-
electrons up fo LiTiQ and thus one might expect the pic distortion does not occur upon Li intercalation. In rutile
Lio.sTIO, to expand in theab plane and to retain tetragonal he TiQ, octahedra share edges in theirection and corners
symmetry. However, this “rigid-band” picture ignores the j, e ap planes. The distortion of the TiQoctahedra in-

L?Cr?“iattl\cl)vn Or: tt?laj orblta:s dan'? :he r%s]ultaf?t s;trorf\gtr:nter?r?t— duced by such packing lifts the degeneracydgf,, orbitals
ons between e occupied states. The eliects ot these Intgp pure rutile. The bottom of the conduction band of rutile
actions can best be illustrated by a model calculation N, nsist ofd... orbitals which are populated upon Li interca-
which electrons are added to the anatase unit ce}JQg)i yz Pop P

L tion.
and compensated by a homogeneous positive backgrourﬁ . _ .
charge. A single extra electron is accommodated in The role of the distortion can be analyzed by comparing
orbitals but addition of a second electron results in alternatth® POS of the anatase host, the relaxed orthorhombic struc-
ing ab planes in whichd,, and alsad,, orbitals are popu- ture and an hypothetical tetragonal structure, which are dis-

lated. Electrons move into th, ., orbitals due to repulsive played in Fig. 2. The latter structure was generated by relax-
’ ing lithiated anatase at a Li to Ti ratio of 1/2 under the

constraint of tetragonal symmetry. In the tetragonal structure

TABLE Il. Experimental and calculated internal coordinates in

Lio IO, . donated charge is accommodated bydhg,, ,, states at the
bottom of the conduction band, resulting in a metallic ground
Experiment(Ref. 11 Theory state with a high DOS at the Fermi level. The major effect of
orthorhombic distortion is to split these states and reduce the
Atom X y ‘ X y ‘ DOS at the Fermi level. Thus the distortion can be consid-
Ti 0.00 0.25 0.887 0 025 0876 eredas aPeierls, or a cooperative Jahn-Teller-like, distortion
o1 0.00 0.25 0.103 0 025 0.100 Ofthe lattice. In the fully relaxed orthorhombic structure the
02 0.00 0.25 0.652 0 0.25 0.649 oOccupied orbitals are almost puretly, in character. These
Li 0.00 0.25 0.343 0 025 0338 States split slightly from the conduction band and form gap

states at 1.74 eV above the valence band edge with a width
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B. Limitations of the extent of the orthorhombic distortion k ‘

of 1.5 eV (Fig. 2). Such gap states have been observed pre-
viously in the spectroscopy of Li-intercalated rutile, reduced
TiO, and its surface&> 3132

The orthorhombic distortion increases the Ti-O distances

along b from 1.93 A to 2.02 A, which is typical of the -T_’ T
Ti*3-0 distances observed in ,0; (2.02 A).2"?8 In the /
a direction the Ti-O distance increases very slightly from -
1.93 A to 1.95 A. In essence the additional charge received : )
by the reduced Ti ions localizes in tlg, orbital and the Ti e ‘ g
ions adopt Ti-O distances typical for ™ ions in theb di-
rection and typical for Ti* ions in thea direction. The ex- W \f ---------------
pansion of the lattice along results in almost colinear Ti-
O-Ti contacts in theb direction (Fig. 3). As the typical
Li*-O and Ti"3-O distances are very similar the expansion A B
in the b direction creates an ideal off-center position for the
accommodation of Lfi ions which also form nearly colinear FIG. 5. The predicted structure of N&iO, viewed along the
Li-O-Li contacts alongb (Fig. 3. In this off-center position crystallographica (A) andb (B) directions.
the Li ions are fivefold coordinated to @rig. 3). Further
expansion of the lattice along thk direction involves There are small changes in the valence bandwidth on Li
stretching the Ti-O and Li-O contacts beyond typical dis-insertion (Fig. 2). More significant changes occur in the
tances and is energetically unfavorable. This limits the extengéemicore level peaks which may be observable in XPS mea-
of the orthorhombic distortion. surements. The Ti(® and Ti(3p) peaks split by 0.1 and
The large expansion of the lattice in thedirection is  0.13 eV, respectively, and the bandwidth of the €)(Band
accompanied by a contraction aloagdt is important to note  increases from 1.97 eV to 2.35 eV. These changes reflect the
that this contraction is not due to a change in the *height” ofinduced structural inequality of the ions and the inhomoge-
the octahedra along (which actually increases slighjlyout  neous distribution of the charge donated by the Li ions.
due to a change in their packing. From the point of view of a
layer of octahedra in aab plane, their expansion allows the
layer above to penetrate more deeply. This results in Ti ions
adopting off-center positions within the octahedra with Ti-O It has been noted above that the similar size of the Li
distances of 2.15 and 1.94 A alorgThe average of these and Ti*? ions plays an important role in the accommodation
distances is 2.06 A which is a typical bond length for i of lithium ions by the lattice. In order to investigate the in-
ions in the TyO5 structure. These asymmetric distortions of fluence of the size of the cation on the structure of interca-
the TiQ; octahedra are reminiscent of the displacements inlated anatase additional calculations were performed in
volved in the excitation of the, andvg vibrational modes at Which the Li ions were replaced by Na and H ions, and the
399 and 507 cm'.2° These modes have relatively high fre- structure fully relaxed. The resultant optimal configurations
quencies but are the softest modes which involve displacesf NaysTiO, and H,sTiO, are shown in Figs. 5 and 6, re-
ments in thec direction and are thus natural distortions of the spectively. The calculated cell parameters of the &,
lattice as it accommodates the contractiorcof and H, 5TiO, structures are compared to those of fliO, in
The overall distortion of the structure induces Ti-Ti close Table 1. It is clear that the deformations of the anatase host
contacts of 2.82 A. The contacts form zigzag “bonded” depend strongly on which cation is intercalated.
chains within edge-sharing octahedra exclusively alondothe  To form the layered NgTiO, structure from the
axis. The Ti-Ti contacts are depicted as bonds in Fig. 3. AdiysTiO, structure major distortions of the lattice are re-
noted above, the formation of such Ti-Ti bonds has beemuired. Thec-lattice constant increases by 42% leading to
suggested as a mechanism for the orthorhombidiO, layers along thec direction that are offset in tha
distortion*'* However, Mulliken analysis of the charge direction relative to the analogous layers in the lithiated
density indicates that there is no significant population of thestructure. Between these layers there are only two available
Ti-Ti close contacts. The Ti-Ti bonding hypothesis can beoctahedral sites and these are fully occupied by Na ions. The
examined further by considering the behavior of the hypoNa ions in these positions adopt sixfold coordination to O
thetical tetragonal structurélable |, structure € In this ions in strongly distorted octahedra. Constrained optimiza-
structure close Ti-Ti contacts of 2.91 A occur and, as in thetion of the Na structure, in which it is forced to retain the
orthorhombic structure, there is a strong contraction incthe orthorhombic symmetry of the lithiated structure, results in
direction. It is clear that the Ti-Ti contacts are induced by theTi-O bond lengths of 2.1 A along the axis, which are sig-
deformations upon Li intercalation and are not a primarynificantly longer than those observed in typical 3O struc-
cause of the orthorhombic distortion. tures (2.02 A). It appears that the larger Na ion cannot be

C. Intercalation of hydrogen and sodium ions
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FIG. 6. The predicted structure ofyHliO, viewed along the , .
crystallographica (A) andb (B) directions. 10 5 0
E (V)

accommodated in an anatase-type structure. The transforma-
tion to the layered structure allows Ti-O distances in ghe  FIG. 7. The density of states for NaTiO, (upper panel, dashed
andb directions to be preserved. line) and H,sTiO, (lower panel, solid ling The Fermi level for
Ho sTiO, is stable in the orthorhombic lithiated structure each structure is indicated by a vertical line.
but significant differences in the local geometry occur. The H
ion does not sit in the center of an octahedron but forms a
hydroxyl group with a bond length of 0.98 A. Each O-H
bond is oriented parallel to a Ti-O bond along either dahar
b directions(Fig. 6). While Li and Na ions transfer most of
their valence electron density to the latti@6% and 95%,
respectively the more electronegative H ions donate only
32%. Of this charge 35% is localized on the O ions forming
a chemical bond with the H ions and 65% is transferred to
the neighboring Ti ions. These O ions have a charge of
—0.78e| whereas O ions receiving charge on Li and Na The mechanism for the tetragonal-to-orthorhombic trans-
insertion have a charge 6f0.73e|. The formation of an formation upon Li intercalation into anatase Fi@as been
hydroxyl group is reflected in the DOS as a splitting at thestudied using first principles calculations. It has been dem-
bottom of the valence Oand O-2 bands as shown in onstrated that the rigid band model does not give a correct
Fig. 7. picture of the localization of electron density donated on Li
The DOS at the Fermi level for both (HTiO, and intercalation. The formation of the orthorhombic phase is
Nay 5TiO, is reduced due to the structural deformations dis-due to the accommodation of donated charge in localized
cussed above. Despite the difference in the local geometry dfi-d orbitals with the occupation of degenerate orbitals
the intercalation site the overall orthorhombic distortion ofabove a critical intercalation concentration resulting in a co-
the lattice is similar to that observed in the lithiated structure operative Jahn-Teller-like distortion of the lattice. It has also
This is entirely consistent with the mechanism for the ortho-been shown that stability of the d4TiO, depends on the
rhombic distortion discussed above. The distortion is due tsimilarity of the ionic radius of Li and Ti"2 ions. An analo-
the accomodation of donated charge by the Ti ions and igous Na-intercalated anatase structure is unstable with re-
thus independent of the local interactions between intercaspect to a layered geometry while the H-intercalated struc-
lated cations and of Ti-Ti bond formation.o&TiO, hardly  ture has significant differences in the geometry of the
contracts in thec direction. This appears to be due to theintercalation site. Structures forg|TiO, and Ng sTiO, are
change of the nature of the O ions forming the O-H bondgredicted.

Which are only weakly bonded to the rest of the lattice. In a
metastable structure containing O-H groups constrained to be
parallel to thec direction this effect is much less pronounced
and the structure contacts strongly along thelirection
(Table I, structure E
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