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Abstract

Interest in the g-bronze, Li V O , as a possible electrode material in rechargeable Li batteries has stimulated several experimental1qx 3 8

studies on this system. Detailed interpretation of the electrochemical and physical-property measurements is complicated by uncertainties
Ž .regarding the structural arrangement of Li atoms as a function of x and by a phase transition between two monoclinic structures g , ga b

during intercalation. To elucidate the atomic structures and the phase transition, first-principles calculations are performed with the
Ž .local-density-functional-theory LDFT planewave pseudopotential method for both g and g as a function of lithiation. Calculations fora b

the compositions 1qxs1.5 and 1qxs4 confirm that the Li configuration determined in the existing X-ray diffraction structure
Ž .refinements at 1qxs1.2 and 1qxs4, respectively , coincide with the predicted low-energy configurations. Structure predictions

were made at intermediate compositions, for which no experimental structure measurement is available. The order in which the
tetrahedrally coordinated Li sites are filled at equilibrium as a function of x in g was predicted. Calculated electrochemical potentials asa

a function of composition agree well with experimental data. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The structural stability of the cathode under Li inser-
tionrextraction is critical to the performance of Li batter-
ies, and understanding the evolution of atomic structure
during lithiation is a first step toward the design of im-
proved materials. Experimental atomic structure characteri-

Ž .zation, for example by X-ray diffraction XRD , is limited
by the availability of homogeneous specimens, and mea-
surements have primarily been restricted to special stoi-
chiometries at which stable, ordered compounds occur.
First-principles theoretical calculations can complement
experimental efforts in this regard and help to elucidate
structural details of candidate battery materials. In particu-

w xlar, local-density functional theory 1 provides a robust
framework for the parameter-free calculation of structural
properties of materials. Some recent work along these lines

w xhas focused on lithiated transition-metal dioxides 2–4 .
This paper presents first-principles calculations for the

w xlayered trivanadate, the so-called g-bronze Li V O 5 ,1qx 3 8
w xbased on the planewave pseudopotential method 6,7 . The
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Ž .g-bronze has a larger unit cell 25–30 atoms , and there-
fore requires greater computational effort than the diox-
ides. It has been under consideration as a possible cathode

w xmaterial 8–14 , but its performance is degraded by a
structural phase transition that occurs in the vicinity of

Ž1qxs3. Both the low- and high-Li phases which we
.refer to as g and g , respectively are monoclinic, but thea b

former contains tetrahedrally as well as octahedrally coor-
w xdinated Li. Differences between the lattice constants 5 of

the two phases suggest that the transition is first order. We
note that the competition between tetrahedrally and octahe-
drally coordinated Li in the g and g phases occurs ina b

other structures as well, such as lithiated spinel
Li Mn O .1qx 2 4

2. Internal energy vs. lithiation

To elucidate the g –g phase transition, internal energya b

is calculated for both phases as a function of x. The
w xplanewave pseudopotential method 15 is well-suited to

this task because it can more readily accommodate large
unit cells than all-electron methods such as the full-poten-

Ž .tial linearized augmented planewave FLAPW method.
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The calculations are performed at the local-density-func-
tional-theory level, and spin-polarization is neglected. Cal-

w xculations for layered Li CoO revealed 3 that total en-x 2

ergy was negligibly affected by spin polarization, in spite
of the magnetic tendencies of Co. We believe this will be
the case also for the vanadium gamma bronze, but since V
exhibits local moments in several compounds, we intend to
perform calculations with the local-spin-density approxi-
mation in future work, as a check.

The local-density-functional-theory framework does not
Žpredict an insulating gap except at the composition xs0

w x6,7 , at which V is pentavalent and the octet rule is
.satisfied in the electronic density of states for the trivana-

date system, which is insulating at all levels of lithiation
w x13 . It is well known that the mean-field treatment of

Žexchange and correlation inherent in the LDFT or LS-
.DFT does not yield insulating energy gaps in many

Mott–Hubbard and charge-transfer insulators. In spite of
this shortcoming, structural property predictions, which are
determined primarily by the electronic charge density dis-

Žtribution rather than by the Fermi-shell quasiparticle prop-
.erties , are often quite accurate. Some caution is warranted,

of course. Metal–insulator transitions, for example, which
w xoccur in some lithiated transition metal oxides 3 , are

beyond the scope of LDFT. Detailed comparisons between
our atomic coordinate predictions and diffraction measure-

w xments 5 , however, give us confidence that our LDFT
calculations for the vanadium gamma bronze are realistic.

The pseudopotential calculations employ Troullier–
w xMartins pseudopotentials 16 , a planewave cutoff energy

of 70 Ry, Brillouin-zone sampling with 16 special k-points,
and Gaussian broadening. The local exchange-correlation
potential of Ceperley and Alder, as parametrized by Perdew

w xand Zunger 17 , is used.
The unit cell of Li V O contains two formula units,1qx 3 8

Ž .with atoms located on two 010 layers stacked along the
monoclinic b-axis; the coordinates on adjacent layers are

w xrelated to each other by inversion symmetry 5 . The lattice
Ž .cell vectors in most of the calculations for g g area b
Ž .fixed at the experimental values for 1qxs1.2 4 ; how-

ever, for each composition the internal coordinates are
relaxed using Hellmann–Feynman forces. Both the cell
vectors and the internal coordinates were relaxed for the

w Ž Ž .Fig. 1. Calculated total energy per inserted Li D Es E 1q x y
Ž .. x Ž . Ž .E 1 r x vs. lithiation for g low-Li and g high-Li phases.a b

Fig. 2. Calculated and measured atomic positions for g at xs1.5.a

Ž .composition Li V O g and the resultant cell vectors4 3 8 b

were within 2% of experimental values.
A central result of this work is the energy per inserted

Li as a function of composition of the two phases, which is
plotted in Fig. 1. The reference composition was taken to
be xs1; the minimum Li content observed experimen-
tally in this compound is 1.1–1.2. The atomic structures
employed in the calculations are described in Section 3.
We observe in Fig. 1 that the compositions predicted to be
most stable are xs0q for g and xs3 for g . Experi-a b

Ž .mentally, these compositions or very close to them are
the ones for which single crystal specimens are most
readily synthesized and X-ray diffraction measurements

w xare available 5 . Mean deviations of calculated relaxed
atomic positions from measured values for these composi-

˚Ž .tions Fig. 2 are only about 0.15 A. A similar level of
agreement between theory and experiment is found for
Li V O . The agreement between theory and experiment4 3 8

for the standard compounds gives us confidence in LDFT
predictions for intermediate compositions.

3. Li site preference

w xDiffraction experiments 5 indicate that the composi-
Ž . Ž .tions 1qxs1.2 g and 1qxs4 g are well ordered.a b

For g at the composition 1qxs1.2, however, some Lia

disorder exists on the partially occupied Li sublattice, and
such sublattice disorder is likely to exist at most composi-
tions. Nevertheless, it appears reasonable to represent com-
positions with integral or half-integral by the lowest-en-
ergy ordered structure. Entropic free energy contributions
are neglected in this work.

Ž .In the g phase, the octahedral sites designated Li 1a

are occupied in the framework structure Li V O . To test1 3 8
Ž .the preference for Li 1 in the framework structure, calcu-

lations at this composition were also performed with the
Ž .tetrahedral site S 3 occupied instead and the energy was1

found to be higher by almost 1 eV per formula unit.
Ž .Additional Li atoms x)0 in the g phase are accom-a

modated in tetrahedral sites. The most prominent tetrahe-
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Fig. 3. Candidate tetrahedral sites in the low-Li g phase. Atomica
Ž .position in a layer parallel to a 010 plane; out-of-plane oxygen atoms

coordinated to the in-plane Li also shown. The full unit cell comprises
two such layers, whose coordinates are related by inversion symmetry.

dral sites in this structure are illustrated in Fig. 3. One of
Ž .the sites labeled Li 2 is the first to be occupied, at

1qxs1.5, but the next site to be occupied is not the
Ž . Ž . Žother Li 2 , but one of the S 3 sites. This is followed att

. Ž . Ž .1qxs2.5 by the other S 3 site and then at 1qxs3.0t
Ž . Ž .the filling of Li 2 is completed. Above 1qxs3.0, S 4t

begins to be occupied.
In qualitative terms, the Li-filling sequence for the ga

phase can be interpreted as follows. The structure of
lithiated trivanadates is determined in general by a compe-
tition between the Li and V cations for oxygen bonds.
Apart from this competition, octahedral sites with six
bonds for Li would be favored over tetrahedral sites with
four bonds. In the ‘unintercalated’ framework structure,
with composition Li V O , the cation distribution is sparse1 3 8

enough to enable Li to occupy octahedral sites, while
allowing both LiO and VO bondlengths to be close to
optimal. The first intercalants into this structure, however,

Ž .prefer tetrahedral Li 2 sites, which enable four strong
Li–O bonds to exist without significantly distorting the

Ž .V–O bonds. Tetrahedral S 3 sites are then occupiedt
Ž .before the filling of the Li 2 is complete, reflecting a

Žtrade-off between Li–Li repulsion and Li–O bonding more
.details on this will be presented elsewhere . As more

Ž .Fig. 4. Labels for Li sites in the high-Li g phase. Atomic positionsb
Ž . Ž . Ž .shown for a 010 layer; O V atoms denoted by circles diamonds . The

full unit cell comprises two such layers, whose coordinates are related by
inversion symmetry.

tetrahedral sites become occupied, the g phase becomesa

less favorable than the g phase, because the V–O bondsb

are no longer significantly less distorted than they are in
g , in which the Li forms six Li–O bonds.b

In the g phase there are five inequivalent octahedralb

sites for Li, as illustrated in Fig. 4. At the most stable
composition, Li V O , only one of them is vacant. The4 3 8

most symmetric location of this vacancy is the favored
Ž .site: at S 2 , with Li dimers on either side. This configu-0

ration apparently minimizes interference between Li–O
and V–O bonding. Structures for g with 1qx-4 wereb

obtained by depopulating sites in the order suggested by
the vacancy energies calculated for Li V O . The composi-4 3 8

tion Li V O is obtained by filling all five sites in Fig. 45 3 8

with Li. A calculation was also done for Li V O , with5.5 3 8

an additional Li placed interstitially between layers.

4. Electrochemical potential

The differences between calculated total energies at
Ž .intervals of D xs0.5 enable zero temperature estimates

of the Li chemical potential in the two phases of
Li V O , and hence the cell electrochemical potential,1qx 3 8

which we take relative to a Li metal anode. The cell
voltage is thus

V x sm Li, cathode ym Li, anode , 1Ž . Ž . Ž . Ž .
where the cathode chemical potential in a single phase
region is approximated by

m Li, cathode f E 1qxqD xr2Ž . Ž .Ž
yE 1qxyD xr2 rD x . 2Ž . Ž ..

Within a two-phase region between x and x , the chemi-a b

cal potential

m Li, cathode s E x yE x r x yx 3Ž . Ž . Ž . Ž . Ž .Ž .g a g b a ba b

Numerical results based on the calculated total energies for
the g and g phases are plotted in Fig. 5 along witha b

w xexperimental measurements 18 . We defer discussion of
the results to Section 5.

Ž .Fig. 5. Calculated histograms and measured electrochemical potentials
for Li V O .1q x 3 8
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5. Discussion and conclusions

We have applied local-density-functional theory to cal-
culate atomic structures and total energies for the low- and
high-Li phases, g and g , of Li V O . The energy pera b 1qx 3 8

Ž .inserted Li cf. Fig. 1 , a convenient measure of compound
stability, was lowest for g at 1qxs1.5 and for g ata b

1qxs4.0. These compositions coincide closely with
those for which single crystals are most readily synthe-

w xsized 4 .
We attribute the stability of the g phase at 1qxs1.5a

to the relatively large minimum Li–Li separation, approxi-
˚mately 3.8 A; the structures of g phase compounds in thea

range 1qxs2 to 3 have minimum Li–Li separation of
˚about 2.5 A. The energy plotted in Fig. 1 corresponding to

1qxs1.5 lies below the extrapolation of a linear fit of
the points at higher lithiation, an indication of the special
stability of this composition.

The most stable composition of g occurs at 1qxs4.b

This composition corresponds to occupancy of a single
d-electron orbital on each V4q ion. It is tempting to
attribute the stability of Li V O to a Jahn–Teller effect;4 3 8

however, the present calculations do not include spin
polarization, and hence would not incorporate the Jahn–
Teller effect even if it were present in the material. The
fact that the calculation nevertheless shows g to beb

especially stable at 1qxs4 suggests that another mecha-
nism may be responsible for this stability. It is possible
that the disparate bondlength requirements for the two
types of anion–cation bonds are more readily satisfied at
the composition Li V O , owing to the presence of a Li4 3 8

vacancy, than in Li V O , in which all cation sites are5 3 8

filled.
Calculated equilibrium atomic coordinates for g ata

1qxs1.5 and for g at 1qxs4.0 closely agree withb

X-ray diffraction results. This agreement gives us confi-
dence in the predictions made for other compositions. To
understand electrochemical behavior, it is important to
ascertain the phase diagram, for which no direct experi-
mental information is available. By applying a common-
tangent construction to the total energy results as a func-
tion of composition, we find a two-phase region between
1qx f2 and 1qx f4; for lithiation below 1qxf2,a b

a single g phase is predicted whereas above 1qxf4, aa
Žsingle g phase is predicted. With these predicted zerob

.temperature phase boundaries, in conjunction with Eqs.
Ž . Ž .1 – 3 , we predict the electrochemical potential curve

Ž .shown in Fig. 5 histogram , which may be compared with
experiment, measured under essentially open-circuit condi-

Ž .tions dashed curve . Close overall agreement is found
between theory and experiment. One difference is that the
theory predicts 1qx f2, whereas the plateau in thea

experimental curve suggests an onset of the two phase
region at 1qx f3. Approximations invoked in the calcu-a

lation, such as the neglect of variations in the lattice
constant with lithiation may be partially responsible for
this discrepancy. Furthermore, irreversibilities in the mea-
sured open-circuit voltage curve indicate that the insertion
process does not easily produce thermodynamic equilib-
rium structures even at very low current. We have not
addressed such irreversibilities theoretically.
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