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Introduction

Lithium cobalt oxide LiCo@ has founded application in rechargeable lithium
ion batteries mainly as a cathode [1, 2]. This nat@ossesses the layered crystal

structure, which has rhombohedral symmetry andnggsido the space grouR3 m.
This circumstance is favorable to the accommodalithium in concentrations,
which may change over a relatively large range fgiplications of LiCoQ with
deintercalated lithium LCoO, (x < 1) as cathode material in solid-state batteares
also taken place widely.

To build adequate mathematical model of the saltleshattery one should take
into account numerous phenomena [4, 5]. One ottheial points of these models
iIs an achievement of the low activation energy ébectric transport of solid
electrodes and electrolytes. This activation enedgpends generally on the
electronic structure of the material [6], which mag modified by changing of the
chemical elements contained, and external influentke electronic band structure
of LiCoO, was studied previously by using first principlegthods [7 - 15]. The
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near band gaf, valence and conduction bands formed mainly byhiwidizedd-
states of cobalt angtstates of oxygen. The experimentally observedesaf band
gapE, are about 1.7 — 2.7 eV [16 - 20, 23].

A common and important problem in theoretical chergiand in condensed
matter physics is the identification of a lowesergy path for a rearrangement of a
group of atoms from one stable configuration totheo Such a path is often
referred to as the ‘minimum energy path’ (MEP).sThroblem is closely related to
the migration of lithium in solids suitable for thithium ions batteries. One of the
parameters of such MEP for lithium ions migratisthie activation energdy..

In the present study we have calculated the eleictioand structure and the
activation energyE, for Li-ions migration in LiCo@ The latter value was
calculated using the nudget elastic band (NEB) otktAndab-initio molecular
dynamics (MD). The dielectric permittivity of LiCg@riginated from the electronic
polarizability was also investigated. These issre le used to study the correlation
between the properties of Li-ion diffusion in a hasystalline matrix and the
corresponding change of the electronic polarizgbhiBuch a correlation may supply
additional knowledge for deeper understanding & Lthi-ions migration in the
diffusion process. The importance of the electrgrutarizability for the analysis of
structural features of Li-containing materials iscdssed in Ref. [24].

Method of calculations

Band structure calculations were performed using BGASTEP code
(CAmbridge Serial Total Energy Package) [25] bagediensity functional theory
(DFT) and a plane-wave basis set with ultrasoftigepotentials [26]. To take into
account the exchange and correlation effects thergbzed gradient approximation
with the PerdewBurke—-Ernzerhof functional (GGRBE) was used [27].
The eigen-energy convergence tolerance at selfistens electronic minimization
was chosen to be ZM" eV and the tolerance for the electronic total gper
convergence during the structural optimization wia6107°eV. At structural
optimization, the maximum ionic force tolerance wasl0’eV/A and the
maximum stress component tolerance was 5-GPa. All values originated from
the electronic structure, such as the total en&rgyand dispersioi(k), density of
states (DOS), and dielectric functioméE) were computed at the respectively
optimized crystal structure. For electronic struetcalculations, 11&-points in the
irreducibleBrillouin zone and a smearing of 0.1 eV were used.

VASP (Viennaab-initio Simulation Package) [28] was used to calculate the
activation energieg, for Li-ion migration in LiCoQ (using NEB and MD) as well
as the electronic dielectric permittivity. Here the projector-augmented wave
method with the GGA-PBE exchange and correlationctionals were used.
A cutoff energyE..« 0f 520 eV for the plane waves, 10 irreducikdpoints and a
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smearing of 0.2 eV were used for the calculationshe crystal supercell of the size
2x2x1 (the volume of the supercell correspondéie 394.4 R).

Results and discussion

We have calculated non-spin electronic band stractd LiCoQ because in
normal conditions, the material does not revealmetg properties. Features of the
non-spin-polarized band structures (Fig. 1) are gmod agreement with the
references [8, 13, 16]. The band dap(red arrow in figure 1) at the GGA-PBE
exchange-and-correlation approximation is near &\2Fig. 1). This is close to the
corresponding values in transition metal oxideshsag NiO or CoO, where the gap
is below 1 eV with PBE [29]. The underestimationtio¢ band gap with standard
functionals such as PBE is due to the not takitg &ccount the artificial electronic
self-interaction. The experimental values are enringe oEy = 1.7-2.7 eV [16-20,
23]. The present results of band structure areomdgagreement with the previous
studies based on the same functionals [16]. Theadtand gafE, of LiCoO, is
found to be indirect along the LZ-direction in tBeillouin zone, at the relaxed
crystal structure (Fig. 1). The characteristic tea$ of LiCoQ band structure are
the following: (1) the three top valence bands @redtwo bottom conduction bands
of LiCoO,, being mainly ofd-character, are characterized by a relatively small
dispersion E(k); (2) the six deeper valence bands, being mairflyoxygen
p-character, show a larger dispersion. This is entifi®m the electronic density of
states for of LiCo@presented in figure 2. Main input into the densifyelectronic
states of the crystal in the range -8 eV to 8 éNs(énergy range contains the band
gapE,) originates fronpO anddCo states (Fig. 2). The relative participation fud t
orbital statesLi, sCo,sO, andpCo is much smaller.
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Fig. 1. Band structures of LiCoQ
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Fig. 2. Partial density opO anddCo states of LiCo®

The nudged elastic band (NEB) is a method for figdsaddle points and
minimum energy paths between known reactants aodupts. The method works
by optimizing a number of intermediate images altmgreaction path. Each image
finds the lowest energy possible while maintainegual spacing to neighboring
images. [30].

LiCoO, is a material widely used in solid state battersesl therefore a study of
Li-ions transport properties is important. Onelod aipproaches used by us to study
the energy changes of the material at migratiohiabns is NEB method in non-
spin polarized calculations, employing the VASPe@@B]. A supercell containing
2x2x1 units of the crystallographic unit cell of QdO, (a=b=5.698 A,
c=14.023 A) was generated. The supercell contdihsatoms and one lithium
vacancy (Lé¢:17C00,). The NEB images were obtained by moving a Liadong the
a-axis in thexy-plane towards the vacanglig. 3. The unit cell dimensions were
kept fixed during the NEB calculations. The Li-iamigration path from the initial
site to the closest vacancy obtained has been faligttly deviated from the
straight line. The path and the computed energyidraobtainedAE = 0.44 eV
(Fig. 4) are in good agreement with the refereesalts [6, 31].

The Bader electronic charges of the Li ions in tivee lithium layers of the
supercell calculated along the path as a functiothe distance between the same
NEB images are also characterized by the extrenikemeharacter (Fig. 5). It was
found that at the saddle point, where the totatgnées at its maximum, the Bader
electronic charge for lithium is about -2.136 [#je(total charge is 0.864 |e|)
(Fig. 5). Thus, the total charge of lithium ion here of the smallest absolute
magnitude in relation to charges at other NEB insagleng the migration path. This
means that LiCo®here is least ionic. Here, the lithium — oxygestalices become
the smallest, that probably influences this reduicedicity of the materialAs a



Electronic band structure and migration of lithiioms in LiCoQ 19

result, the electronic charge of the anions €wodll thus be reduced at the saddle
point, which may decrease its electronic polarigbi

Li

0 0.5 1.0

Fig. 3. Positions of Li-atoms (black circles) and Li-vacgn(white circle) in onez-cut
of a 2x2x1 supercell of bb;LC00, and path of Li-ion migration path.
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Fig. 4. Dependencies of the total enerdy of 2x2x1 supercell of kig;/C00, on
the positionx of the migrating Li ions: the energy barrier iuatjtoAE = 0.44 eV.
The values ok = 0 and 5.7 A correspond to the crystallographusions (0, 0, 0)
and (0, 0, 1) in the 2x2x1 supercell.



20 Bohdan Andriyevskyy, Klaus Doll, Timo Jacob

0.8704 XN rex g
_ ., g
\ —&— 1st Li atoms layer /
T 4 *
z \ /
it * P 4
o ] \ J/
DS *
0.865- \ /
| PR
<>
. <>
<><> <> ~w- 2nd Li atoms layer A 4 <>
--&-- 3rd Li atoms layer O
9 Q > & <& v
v
0.860-] A% (;<><v> R
0 1 S 2 3
x 1A

Fig.5. The electronic polarizabilitya of a material may be estimated on the basis
of the dielectric permittivitye using the the Clausius—Mossotti relation [32].

The electronic polarizabilityt of a material may be estimated on the basis of
the dielectric permittivitye using the the Clausius—Mossotti relation [32],

M unit-cell (E B 1) = 47TNA
,0 (E + 2) 3 aunit-cell (1)

This relation indicates for the proportionality tifese two valuesy ande.
The real part of the dielectric permittivities™ ande;"” ande,” was calculated as
function of the position of the lithium NEB image the doped system ¢4,7C00..
Analysis of DOS and spectral dependencies of digtepermittivity of the crystal
have indicated that it mainly depends on the vaeaad conduction bands
originating from Co@ anion. We have found that the dielectric pernititivas
function of NEB image is characterized by minimuRigé. 6, 7), that indicates
decrease of the electronic polarizability of Go&hions at saddle point of NEB
lithium ions path. The anisotropyg,.~¢,>¢, is very high (Figs. 6, 7), that is
expected in view of the layered character of theensd.

The relative changes of the dielectric permittivifye/e is maximal in
z-direction, Ag /e, = 0.054 (Fig. 7), that is 5 to 8 time larger thtanse inx- and
y-directions Ag,/e, = 0.011 Ag /e, = 0.007 (Fig. 6).
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Fig. 6. Dependencies of the real part of the dielectricnigivity & and €,%” of
Lig:C00, on the position of the lithium ion. The values f= 0 and 5.7 A
correspond to the crystallographic positions (00Pand (0, 0, 1) in the 2x2x1
supercell.
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Fig. 7. Dependencies of the real part of the dielectriompiivity €,%2 of Lig;C00, 0N
the position of the lithium ion. The values »f= 0 and 5.7 A correspond to the
crystallographic positions (0, 0, 0) and (0, Oirtljhe 2x2x1 supercell.

An alternative approach to evaluate the transparperties is a using of the
molecular dynamics simulations. Therefore, we hasdormedab initio molecular
dynamics (AIMD) for the undoped LiCaOn a 4x4x1 supercell, employing the
VASP program suite. These calculations were perorat the NVE ensemble at
the temperatures 2000 K and 2300 K. The duratiohlgiD and the time step were
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5 ps and 1 fs, correspondingly. Slope of the lirdgpendency between the mean
square displacement (MSD) of lithium ions and timeutation time is the diffusion
coefficientD. The activation energl, and the valu®, were calculated on the basis
of AIMD results at two temperatures mentioned abaseng the relation of the
Arrhenius law type

D = awexpCEsksT), (2)
wherea is the hopping distance & 3 A for LiCoQ), w is the hopping frequency
(w=~ 110" sY), andks is Boltzmann’s constant [33]. Activation eneryis one of
the main characteristics presenting suitability aofimaterial to the lithium ions

batteries. The activation energy obtained in sualayawas found to bE, = 0.5 eV.
This value is close to the similar one obtainedgishe NEB method (Fig. 4).

Conclusions

Main parameters of the electronic band structureL®oO, have been
calculated usingab initio calculations within the density functional theoihe
computed band gap is found tolg= 1.02 eV using the GGA-PBE exchange-and-
correlation functional.

Using the nudged elastic band method, the minimalgy barrier of 0.44 eV
for lithium ions migration in LiCo@has been obtained, that is in agreement with
reference data. The electronic polarizability oE£@0,, which is proportional to the
corresponding dielectric permittivity, was foundnave a minimum at the trajectory
point corresponding to the maximum of total crystergy. The reduced
polarizability of CoQ observed here takes place due to the reduceditjorit
LiCoO, found from the Mulliken charges of the material.

The activation energy for lithium ion displacemests also calculated using the
molecular dynamics method. Assuming an Arrheniug the activation energy of
E.") = 0.5 eV was deduced, being close to the valuaiméd with the nudged
elastic band method (0.44 eV).

Acknowledgements

The CASTEP calculations were performed in the caempcenter of Wroctaw
University of Technology (WCSS) within Accelrys Magls Studio 6.1 package.
The VASP calculations were done in the computetereof Warsaw University
(ICM) in the framework of the project G26-3.



Electronic band structure and migration of lithiioms in LiCoQ 23

References

1. J.R. OwenChem. Soc. Re@26, 259 (1997).

2. M. Wakihara, O. Yamamoto (Edsbjithium lon Batteries: Fundamentals and
PerformancgWileyVCH, Weinheim, Germany, 1998).

3. A.Van der Ven, M. K. Aydinol, G. Ceder, G. Kses J. HafneiPhys. Rev. B8,
2975 (1998).

M. Landstorfer, T. JacoBhys. Chem. Chem. Phyl8, 12817 (2011).
M. Landstorfer, T. JacolGhem. Soc. Re¥2, 3234 (2013).

. X. Zhu, C. Shen Ong, X. Xu, B. Hu, J. Shang¥Yidng, S. Katlakunta, Y. Liu,
X. Chen, L. Pan, J. Ding, R.-W. L$ci. Rep3, 1084 (2013).

7. M.T. Czyzyk, R. Potze, G.A. SawatziBhys. Rev. B6, 3729 (1992).
8. M.K. Aydinol, A.F. Kohan, G. CedePhys. Rev. B6, 1354 (1997).
9. M. Catti,Phys. Rev. B1, 1795 (2000).

10.V.R. Galakhov, V.V. Karelina, D.G. Kellerman, .8/ Gorshkov,
N.A. Ovechkina, M. Neumanhys. Solid Staté4, 266 (2002).

11.D. Carlier, A.Van der Ven, C. Delmas, G. Cedéhem. Mater.15, 2651
(2003).

12.L.Y. Hu, Z.H. Xiong, C.Y.Ouyang, S.Shi, Y, JM.Lei, Z. Wang, H. Li,
X. Huang, L. ChenPhys. Rev. B1, 125433 (2005).

13.S. Laubach, S. Laubach, P.C. Schmidt, D. Egsléh Schmid, W. Jaegermann,
A. ThiBen, K. Nikolowski, H. Ehrenberg?hys. Chem. Chem. Phykl, 3278
(2009).

14.G. Mattioli, M. Risch, A.A. Bonapasta, H. Dau,Guidoni,Phys. Chem. Chem.
Phys.13, 15437 (2011).

15.D. Carlier, J.-H. Cheng, C.-J. Pan, M. Ménétrie. Delmas, B.-J. Hwang).
Phys. Chem. @17, 26493 (2013).

16.D. Ensling, A. Thissen, S. Laubach, P.C. Schriitl JaegermaniRhys. Rev. B
82, 195431 (2010).

17.P. Ghosh, S. Mahanty, M.W. Raja, R.N. Basu,. H/&iti, J. Mater. Res22,
1162 (2007).

18.K. Kushida, K. Kuriyam&olid State Commut18, 615 (2001).
19.J.M. Rosolen, F. Deckel, Electroanalyt. Chent01, 253 (2001).
20.M.C. Rao, O.M. Hussaiiur. Phys. J. Appl. Phyd8, 20503 (2009).

21.T.A. Hewston, B. Chamberland, Phys. Chem. Solid48, 97 (1987) (and
references cited therein).

22.1. Tomeno, M. Oguchd. Phys. Soc. Japa, 318 (1998).

o o



24 Bohdan Andriyevskyy, Klaus Doll, Timo Jacob

23.J. van Elp, J.L. Wieland, H. Eskes, P. Kuig&A. Sawatzky, F.M.F. de Groot,
T.S. TurnerPhys. Rev. B4, 6090 (1991).

24.M.P. O’Callaghan, E.J. Cuss&ulid State Scil0, 390 (2008).

25.S.J. Clark, M.D. Segall, C.J. Pickard, P.J.rifgdV.J. Probert, K. Refson, M.C.
PayneZeitschrift fur Kristallographie220, 567 (2005).

26.J.P. Perdew, K. Burke, M. ErnzerhBhys. Rev. Let?7, 3865 (1996).
27.D. VanderbiltPhys. Rev. B1, 7892 (1990).

28.G. Kresse, D. JouberRhys. Rev.59, 1758 (1999); The guide of VASP
https://cms.mpi.univie.ac.at/marsweb/index.php

29.T. Bredow, A.R. GersoRhys. Rev. B1, 5194 (2000).
30. http://theory.cm.utexas.edu/vtsttools/neb.html

31.A. Van der Ven, C. Cedd?hys. Rev. B4, 184307 (2001).
32.P. Van Rysselbergh&, Phys. Chen86, 1152 (1932).

33.H. Moriwake, A. Kuwabara, C.A.J. Fisher, R. HgaT. Hitosugi, Y.H. Ikuhara,
H. OKki, Y. IkuharaAdv. Mater.25 618 (2013).

Abstract

In view of search the effective materials for tHectrochemical sources of
energy, the density functional theory (DFT) basppraach has been applied to the
computational study of lithium ion migration in LoO,. Apart the standard first
principles study of band structure and densitylefteonic states of the crystal, the
material was studied using the nudget elastic b@4EB) and theab initio
molecular dynamics (AIMD) methods. The activatioreryy E; of the lithium ions
self-diffusion in LiCoQ, as one of the main characteristic of the matdaalthe
electrochemical sources of energy, has been obtaiseng NEB (0.44 eV) and
AIMD (0.5 eV).

Streszczenie

Ze wzgkdu na poszukiwanie efektywnych materiatbw do Dbateri
elektrochemicznych, zostaty wykonane obliczenia poterowe z pierwszych zasad
na bazie teorii funkcjonatu egtcsci (density functional theojy struktury
elektronowej oraz migracji jonow litu w krysztalédoO,. Oprocz standardowych
obliczen struktury pasmowej i gptasci standw elektronowych, przeprowadzono
takze badania materialu metodami NEBudget Elastic Bandd AIMD (Ab Initio
Molecular Dynamics Otrzymano jeden z gtdwnych parametrow migradiji |
w krysztale LiCoQ, stosowanym w bateriach elektrochemicznych - eaerg
aktywacji samodyfuzjiE,. Ta wielkag¢ okazata s by¢ w granicach od 0.44 eV
(NEB) do 0.5 eV (AIMD).



