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Abstract

Interest in the y-bronze, Li1+XV308,as a possible electrode material in rechargeable Li

batteries has stimulated several experimental studies on this system. Detailed interpretation of

the electrochemical and physical-property measurements is complicated by uncertainties

regarding the structural anxmgement of Li atoms as a function of x and by a phase transition

between two monoclinic structures (’Y.., ‘Y~) dufing intercalation. To elucidate the atomic

structures and the phase transition, first-principles calculations are performed with the local-

density-functional-theory (LDFT) planewave pseudopotential method for both y= and y, as a

function of Iithiation. Calculations for the compositions 1 + x = 1.5 and 1 +x=4 confirm that the

Li configuration determined in the existing x-ray diffraction structure refinements (at 1 + x =1.2

and 1 + x –4 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 y, was predicted. Calculated electrochemical

function of composition agree well with experimental data.

potentials as a
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Introduction

The structural stability of the cathode under Li insertion/extraction is critical to the

performance of Li batteries, and understanding the evolution of atomic structure during Iithiation

is a first step toward the design of improved materials. Experimental atomic structure

characterization, for example by x-ray diffraction (XRD), is limited by the availability of

homogeneous specimens,

stoichiometries at which

complement experimental

and measurements have primarily been restricted to special

stable, ordered compounds occur. First-principles theory can

efforts in this regard and help to elucidate structural details of

candidate battery materials. In particular, local-density functional theory [1] provides a robust

framework for the parameter-free calculation of structural properties of materiak. Some recent

work along these lines has focused on Iithiated transition metal dioxides [2,3]. This paper

presents first-principles calculations for the layered trivanadate, the so-called y-bronze

Lil+XV~08[4],based on the planewave pseudopotential method [5]. The y-bronze has a larger unit

cell (25-30 atoms), and therefore requires greater computational effort than the dioxides. It has

been under consideration as a possible cathode material [6-12], but its performance is degraded

by a structural phase transition that occurs in the vicinity of 1 +x=3. Both the low- and high-Li

phases (which we refer to as y.. and y~ , respectively) are monoclinic, but the former contains

tetrahedrally as well as octahedrally coordinated Li. Differences between the lattice constants [4]

of the two phases suggest that the transition is f~st order.

Internal energy vs. lithiation

To elucidate they. – y~phase transition, internal energy is calculated for both phases as a

function of x. The plauewave pseudopotential method [13] is well-suited to this task because it

can more readily accommodate large unit cells than all-electron methods such as the fidl-

potential linearized augmented planewave (FLAPW) method. The local-density-functional-

theory framework reliably predicts total-energy related properties for many oxides, even though

the method does not predict an insulating gap in the electronic density of states for the.

trivanadate system, which is known to be insulating [11]. The pseudopotential calculations

employ a planewave cutoff energy of 70 ry, 16 special k-points Brillouin zone sampling, and

Gaussian broadening.



The unit cell of Li,+=V,08contains two formula units, with atoms located on two (010)

layers stacked along the monoclinic b-axis; the coordinates on adjacent layers are related to each

other by inversion symmetry. The lattice cell vectors in most of the calculations for y. ( y~) are

fixed at the experimental values for 1 -I-x= 1.2 (4); however, for each composition the internal

coordinates are relaxed using Hellmann-Feynman forces. Both the cell vectors and the internal

coordinates were relaxed for the composition LidV~08(y~)and the resultant cell vectors were

within 2% of experimental vrdues.

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 x = 1; the

minimum Li content observed experimentally in this compound is 1.1-1.2. The atomic structures

employed in the calculations are described in the following section. We observe in Fig. 1 that the

compositions predicted to be most stable are x = O+for ydand x = 3 for y~. Expefientally, these

compositions (or very close to them) are the ones for which single crystal specimens are most

readily synthesized and x-ray diffraction measurements are available [4]. Mean deviations of

calculated relaxed atomic positions from measured values for these compositions (Fig.2) are only

about 0.15 ~. A similar level of agreement between theory and experiment is found for LiqV~08.

The agreement between theory and experiment for the standard compounds gives us confidence

in LDFT predictions for intermediate compositions.

The crossover between the y=and y, phases occurs at 1 +x=3. Since the transition is f.i.ist

order, transformation between the phases is determined partly by kinetics. From electrochemical

potentiaI measurements at a small current [14], the transition between the two phases is thought

to occur approximately between 1 + x = 3 and 1 +x=4.

Li site preference

In order to calculate the free energy for each composition represented in Fig. 1, the

configuration of Li atoms must be determined. Experiments [4] indicate that the compositions

1 +x= 1.2( ‘yd)and 1 + x = 3 (y, ) are well ordered. Although some disorder of the Li is likely to

exist at other compositions, it appears reasonable to represent each composition by the lowest-

energy ordered structure, although such a treatment neglects entropic fi-ee-energy contributions
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and the kinetic barriers that may hinder the achievement of the lowest energy ordered structure in

practice,

In the y. phase the octahedral sites designated Li(l) are occupied in the framework

structure Li,V~08.To test the preference for Li( 1) in the framework structure, calculations at this

composition were also performed with the tetrahedral site S,(3) occupied instead and the energy

was found to be higher by almost 1 eV per formula unit.

Additional Li atoms (x > O) in the ‘y.phase are accommodated in tetrahedral sites. The

most prominent tetrahedral sites in this structure are illustrated in Fig.3. One of the sites labeled

Li(2) is the first to be occupied, at 1 + x = 1.5, but the next site to be occupied is not the other

Li(2), but one of the S,(3) sites. This is followed (at 1 + x = 2.5) by the other S, (3) site and then

(at 1+x = 3.0) the filling of Li(2) is completed. Above 1 + x = 3.0, S ,(4) begins to be occupied.

In qualitative terms, the Li-filling sequence for they. phase can be interpreted as follows.

The structure of lithiated trivanadates is determined in general by a competition between two 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 Li1V~08,the cation distribution is sparse 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, prefer tetrahedral Li(2) sites, which enable

four strong Li-O bonds to exist without significantly distorting the V-O bonds. Tetrahedral S, (3)

sites are then occupied before the filling of the Li(2) is complete, reflecting a trade-off between

Li-Li repulsion and Li-O bonding (more details on this will be presented elsewhere). As more

tetrahedrrJ sites become occupied, the yaphase becomes less favorable than the y~phase, because

the V-O bonds are no longer significantly less distorted than they are in y~,in which the Li forms

six Li-O bonds.

In the y~phase there are five inequivalent octahedral sites for Ll, as illustrated in Fig. 4.

At the most stable composition, Li,VJ08 , only one of them is vacant. The most symmetric

location of this vacancy is the favored site:. at SO(2), with Li dimers on either side. This

configuration apparently minimizes interference between Li-O and V-O bonding. Structures for

y, with 1+x c 4 were obtained by depopulating sites in the order suggested by the vacancy



energies calculated for LifVJO~.

Fig. 4 with Li. A calculation

interstitially between layers.

Electrochemical Potential

The composition Li~V,Ogis obtained

was also done for Li~~VJ08, with

by filling all five sites in

an additional Li placed

The differences between calculated total energies at intervals of Ax = 0.5 enable

estimates of the Li chemical potential in the two phases of Li1+XV~08,and hence the cell

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

V(x) = p(Li,cathode) - ~(Li,anode),

where the cathode chemical potential

~(Li,cathode) = (E(l + x + A x/2)-E(l + x – M))/Ax.

The numerical results are plotted in Fig. 5 along with experimental measurements [14]. As

mentioned above, the regions below 1 -i-x = 3 and above 1 -t-x=4 and are thought to be single

phase, whereas the region from 3-4 is a mixture. The predicted V(x) for the low-Li (y. ) phase

appears slightly low and that for the high-Li (y~ ) phase appears too high, but overall the

magnitudes and trends are in reasonable accord with experimental results.

Discussion and Conclusions

We have applied local-density-functional theory to calculate atomic structures and totaI

energies for the low- and high-Li phases of Li1+xV~08. The energy per inserted Li, a convenient

measure of compound stability, was lowest for y’ at 1 + x = 1.5 and for y~at 1 + x = 4.0. These

results coincide closeIy with the compositions of each phase most readily synthesized

experimentally. The y. phase at 1+x=1.5 is particularly stable because the minimum Li-Li

separation is relatively large, of order 3.8 ~; the structures of Y. phase compounds in the range

1+x =2 to 3 have minimum Li-Li separation of about 2.5 ~. The energy plotted in Fig. 1

corresponding to 1+x=1.5 lies below the extrapolation of a linear fit of the points at higher

lithiation, The most stable composition of y~occurs at I+x==. We suggest that a sPeci~ stability

is associated with the V4+valence state with a single d-electron analogous to the stabilization

resulting from a Jahn-Teller effect distortion. This interpretation, however, cannot directly be

*
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demonstrated because no undistorted reference structure exists for this compound. The

calculated equilibrium atomic coordinates for ya at 1 + x = 1.5 and for y~at 1 + x = 4.0 closely

agree with x-ray diffraction results. This agreement gives us some confidence in the predictions

made for other compositions. Experimental tests would be of interest.
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Figure captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Calculated total energy per inserted Li [All= (E(l + x)–E(l))/x ] vs.

Li) and y~(high-Li) phases.

Calculated and measured atomic positions for yaat x = 1.5.

Candidate tetrahedral sites in the low-Li y. phase. Atomic position

M.hiation for y. (low-

in a layer parallel to

a(O10) 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.

Labels for Li sites in the high-Li (y~)phase. Atomic positions 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.

Calculated (histograms) and measured electrochemical potentials for Li,+XV,O,.
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