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The electronic structures of22 polar(003) surfaces of LiCo@have been studied using the first-principles
projector augmented-wa\®AW) method within the generalized gradient approximatiG&A), based on the
density functional theoryDFT). Several geometry structure models were considered with different termina-
tions in order to obtain the most stable structure. From cleavage energies of separation it reveals that, for
LiCoO, (003), the configuration with O termination on one side and Li termination on the other side was the
most stable one. Because the exposed Li-O groups easily react with the electrolytes so that the structure is
destroyed, this conclusion can indirectly explain the phenomenon that LiCo&ed by MgO possesses the
more stable structurgl. Electrochem. Soc149 A466 (2002]. It is also found that structure relaxation is
considerably large, and the electronic density of stdB&3S) shows large difference betwe€d03) surfaces
and bulk, with, for example, a decrease of the band gap between the valance band and the empt{0band in
surfaces region compared to the bulk. It is possible to reconstruct for the (@813r surfaces of LiCoQ@
crystallite.
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[. INTRODUCTION pared, in particular by how much they would have to reduce
the surface free energy of separation in order to have corre-

Considerable interest exists in the lithium-metal-oxidessponding facets contribute significantly to the real LiGoO
due to their application in rechargeable battery electrbdescrystal shape. In addition, relatively low surface free energies
and electrochemical propertiésAmong them, layered from (2)( 2) terminations mlght point at Ilkely candidates for
LiCoO, has favorable attributes including high open circuit Surface reconstructions. Through the study of material sur-
voltage, high capacity and energy density, and excellentace, we can get further comprehension for surface properties
cycle life. The LiCoQ crystal has an ordered rock structure of material and obtain some information of relationship be-
such that lithium and cobalt occupy alterndfell) layers —tween surface characteristics and surface modifications.
(Fig. 1). While, as one of the most widely studied of all Thus, this will help us to improve material performance.
cathode materials for the lithium ion battery, many studies of [N the present work, we investigate two kinds of main
the electrochemical performance have been done, some quédystal terminations of LiCo9(003) surfaces. The fully re-
tions still exit. To the best of our knowledge, no information laxed geometric structures and cleavage energies were calcu-
about the geometric and electronic structure of polar surfacddted using a first-principles density functional theGBFT)
is presently available, either from experiment or from theorymethod within the generalized gradient approximation
From a physical/chemical point of view, it is necessary and
challenging to obtain the microscopic understanding of struc-
ture and stability of polar surfaces in surface sciehce.

It is well recognized that most clean polar surfaces are
usually unstable and thus difficult to prepare unreconstructed
and defect-free surfaces. They are so called “Tasker-3”
surface$. A number of mechanisms have been suggested for
the stabilization of such polar surfaces. These include recon-
struction of the surface, faceting, the presence of adsorbates,
and changes in the surface electronic structure. These mecha-
nisms were recently reviewed by Nogué®Although there
are many reconstruction mechanisms for polar surfaces, in
the present study we will first focus on the clean, unrecon-
structed (003 surfaces of LiCoQ to analyze their atomic
and electronic properties.

Lacking experimental data on surfaces, we first focus on
all possible(2x2) terminations and then give a possible
reconstructed model. This provides a first database against FIG. 1. (Color online) Crystal structure of the layered LiCgO
which future models of reconstructed surfaces may be comwith R3m symmetry.
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TABLE I. Computed and experimental values of the structural
parameters for bulk LiCo® a andc are the lattice constant¥. is
the volume of one formula of LiCo© Experimental values are
from Ref. 22. Relative deviation from experiment is given in
parentheses.

GGA(this study Ref. 15 Ref. 16 Ref. 17 Expt.

a(h) 2.84+0.9%) 2.88 2.82 2.93 2.82 1

c(A) 14.18+0.7%)  14.04 1404 1320 1408 3

cla 4.99 4.88 4,51 4.99

V(A3 33.07 32.20 32.23 32.71 6 Li

u 0.260 0.264 0.264 0.260 o
12 Co

(GGA). We will discuss geometric and electronic structure,
and what is more, the relative stability of surfaces will be A-type B-type
included. We will first briefly describe the method and the _ |
surface models used for the electronic structure calculations F!G- 2. (Color online) Two clean and unreconstructed slab
in Sec. II, and then in Sec. Ill we present the results on th&'°de!s with 12 atom layers obtained by cleaving the crystal per-
clean and unreconstructed LiCo@03 surface, which in- pendicular to thec axis. A type with O- and Li-terminated polar

. : ’ surface and type with O- and Co-terminated polar surfaces.
clude the electronic and geometric structure of surfaces. Fi-

nally, the relative stability of surfaces is discussed in Sec. IV. o
The conclusion will be summarized in Sec. V. (48 atom$ were used and the Brillouin zone of the supercell

was sampled with §5x5x 1) Monkhorst-Pack® k-point
grid. We also tested witli6 X 6 X 1) mesh and no obvious
differences were found. For the calculations on the polar
A. Methods surfaces we chose a plane wave cutoff energy 800 eV, which
was sufficient to get well-converged resultsithin 1 mev

per atom. Furthermore, a Gaussian broadedthgiith a

i . : smearing parameter of 0.04 €¥.2 eV for bulk was in-
which was proposed by Blochffor resolving the Kohn- cluded. ao?/vever, the results for the 12-lay@d3) slabs used

Sham equations within the density-functional thébifhe . . ;
exchange and correlation energy was treated via the generz%rll the present calculations have not been tested with respect

ized gradient approximatidn using the Perdew-Wang 0 slab thickness convergence.
(PW91) parametrizatiod? Wave functions were expanded
with a plane-wavéPW) basis set and energies cutoff of 550
and 800 eV were employed for bulk and surface calculations, It can be seen obviously that cleaving the LiGo@ystal
respectively. The PAW formalism has numerical advantageperpendicular to the axis (see Fig. 1 always produces a
for pseudopotential techniques. This relatively new techcrystal, which has a monolayer of cations on the surface and
nique has proven very accurate in comparison with offter a monolayer of anions on the other in order to preserve
initio method$*12within the DFT framework. In the calcu- charge neutrality and stoichiometry. In this sense, it may cre-
lations, the core radii for the oxygen, lithium, and cobaltate simultaneously several possible models. If we only con-
pseudopotentials were 1.06, 0.80, and 1.16 A, respectivelgider cuts containing 12 atomic layers parallel to thexis,
The O X and 2, Li 2s, and Co 8 and 4 electrons were all slabs representing polar surfaces are automatically sto-
treated as valence electrons, and all the others were treatedigRiometric and are inevitably Li/Co termination on one side
core electrons. The Viennab initio simulation packag€!*  and O termination on the other side. In this study, we denote
(vasp) were used throughout this study. the slab model with O and Li terminations Agype and the

To simulate surfaces we have used periodically reproslab model with O and Co terminations Bstype. Plots of
duced slab supercells, possessing the same periodicity tiie clean, unrelaxed and unreconstructed slab configurations
spacing as the bulk ix andy directions and separated n  used in our work are shown in Fig. 2. From the top oxygen
direction by a vacuum layer, which is considered to be thickatomic layer to the bottom lithium/cobalt atomic layer, we
enough to minimize the surface-surface interaction. All surindicated these layers by using 1-12 integesse Fig. 2
faces were represented by periodically repeated slabs co@omparing to the structure of the bulk, type andB type
sisting of 12 atomic layers and separated by a vacuum regiowere obtained by breaking the Li-O and Co-O bonding in-
of about 13-13.4 A, which was found to be sufficient for all teraction, respectively. Lattice constamtf slab supercell
surfaces considered. To stimulate underlying of bulk strucmodel forA type andB type were set equal to about 26.18 A,
ture, the slab lattice constant in the direction parallel to theso the values of vacuum were corresponding to about 13.4
surface was always set equal to the theoretical equilibriunand 13 A due to the difference between the value of Li-O
bulk value (see Table )l Here, slabs with 12 atomic layers interlayer spacing and that of Co-O, respectively.

Il. METHODS AND SURFACE MODELS

In this paper, we study the surfaces of LiCo003) using
the electron projector augmented way@AW) method?

B. Surface models

125433-2
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In Sec. IV, the(003 surface was modeled as lithium-
terminated surfaces with half of the surface lithium atoms
moved from one side of the slab to the other in only one way
to fulfill the LiCoO, formula. The configuration of lithium
terminations considered here is schematically shown in Fig.
3, in which lithium atoms were removed in a checkerboard
style on both surfaces. No symmetry was imposed on the
system. The(003 surface has been calculated using slab
with thickness of 13 layers. The initial interatomic distances
in the surface slabs were set equal to our calculated equilib-
rium bulk values. For simplicity, the slab atoms were only
allowed to fully relax in thez direction. Thus, the Hellmann-
Feynmann forces were systematically calculated and the nu-
clei steadily relaxed towards the equilibrium positions until
the forces became smaller than 0.05 eV/A. The thickness of
whole equilibrium atom layers is 0.80 A smaller than that of
bulk. According to previous discussion, it is necessary to
point out that the introduction of surface leads to the de-
crease of all atom-layer thicknesses for all models mentioned
above.

FIG. 3. (Color online) Lithium terminations model used inthe ~ The relative stabilities of different surfaces were dis-
calculations of thg003 LiCoO, nonpolar surface. Lithium atoms cussed in terms of their cleavage energies. The cleavage en-
are removed in a checkerboard style on both surfa@@sand (c) ergy E.eav iS defined as the energy required for cleaving an
are view from the top of the surface. Only surface Li atoms areinfinite bulk crystal into two semi-infinite parts, and so it is
appeared ir(c) and the bottom layer Li atoms are in gray. equal to the energy to be applied for the creation of two

surfaces. In the supercell approaBh,, is calculated as the

For both types defined above, full relaxation for all slabtotal energy difference per unit surface area. In slab calcula-
atoms was performed to optimize the equilibrium positionstions this value can be obtained as
by calculating the forces on atortsmaller than 0.05 eV/A
whereas the lattice constant ¢ was kept fixed to 26.18 A. The Egeav= (Esurt— Epui)/2S, 1)
initial atomic positions in the surface slabs were chosen
equal to our calculated equilibrium bulk value. The wholewhereEgis the total energy of the supercell aig,y is the
equilibrium atom-layer thicknesses calculated with GGA areenergy of the bulk unit cell containing the same number of
13.71 and 13.99 A foA type andB type, respectively; both atoms,S is the surface area. The number 2 in denominator
are smaller than those of bulk. For the clean, unreconstructeaiccounts for the two surfaces within the slab supercell. If, in
(003 surfaces the geometric relaxations of the surface werghe above equatiork, is the energy of an unrelaxed slab, it

calculated using slabs containing 12 atomic layers. will be denoted aE!"®ed j e, the cleavage energy of the
0.4
Li
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ideal, unrelaxed surface. Whey,,; is the energy of the re- etersa=5.6332 A,&=90° andc=14.08 A, y=120° contains
Iaxeld slab, we have the cleavage energy of relaxed slab2 chemical formula units, and the atoms occupy the follow-
(Edeay - ing Wyckoff positions: Co: &(0,0,0, Li: 3b(0,0,0.5, O:

lll. CLEAN (003) SURFACES 6c(0,0,x) with x=0.260. The prototype of this structure can

. o ) . . be thought of as a fcc stacking of close packed oxygen layers
Since there is virtually no atomically resolved information ,ith the metal ions residing in the octahedral skesn

about the structure and composition of crystalline LiGOO | ;~,5 “the Li and Co ions alternately reside in separate
surfaces available from experiment, we have to perform our

theoretical investigation from a very basic point of view. In planes, leading to the fully layered structure of Fig. 1.

order to get a first ideal about the geometric and electronich Thhe first Etep was opgmlzanon O.f thel bulk unit ceIITuhsmgI
properties of different LiCo@polar surfaces, we focus here '€ CNOSen basis set and computational parameters. The elec-

on a rather coarse comparison of subset of all possibl_&romc wave functions were expanded in plane-wave basis set

(2% 2) terminations of the low-index surfaces of trigonal Including planes up to a cutoff energy of 550 eV. For the
LiCoO,. bulk calculation, the supercell was built of 12 atomic layers

containing 48 atoms and & X4X2) Monkhorst-Pack
A. The bulk structures k-point mesh was used. Again, a dené@x 6 x 3) mesh did
LiCoO, has the structure af-NaFeQ, which belongs to not alter the results. All atoms were fully relaxed by mini-

the space grouR 3m.2° In Fig. 1, the unit cell, with param- Mizing the forces acting on atoms.
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TABLE Il. Summary of the surface relaxations fértype-O and -Li surfaces anB-type-O and -Co
surfaces(see Fig 2. O and Li refer to the O- and Li-termination surfaces, respectively. Relative deviation
from theory values of unrelaxed surface are given in parentheses.

Full relaxation

Distance(A) A-type-O A-type-Li B-type-Co B-type-O
dqo 0.8808 0.9237 0.8094 0.9563
dos 1.0789 1.1540 1.4685 1.7547
dsy 1.2480 0.9984 1.2415 0.9519
dys 1.4418 1.4499 1.0590 1.0656
dsg 1.0037 1.2750 1.0107 1.2272
dg7 1.0489 1.4134
Adj, -0.1591-16%) -0.3998-30%) -0.230%-23%) -0.3672-28%)
Adyg +0.0390+3.8%) +0.1131+11%) +0.1450+11%) +0.4312+33%)
Ads, -0.07550-5.7 %) -0.0415-4.0%) -0.082G-0.2%) -0.0879-8.5%)
Adys +0.1183+9.0%) +0.1264+9.5%) +0.0191+1.9%) 0.0257+2.5%)
Adsg -0.0362-3.5%) -0.0549-4.2%) -0.0292-2.9%) -0.0963-7.3%)
Adg7 +0.009@+0.87 %) +0.08996.8%)

Within our PAW-GGA approach the optimized lattice con- B. Cleavage energies
stants of LiCoQ unit cell are obtained as=2.84 A, ¢
=14.18 A, which is in line with the experimental lattice pa-

rameter value(@e,,=2.82 A, c.,=14.08 .22 The com-

When a stoichiometric LiCo®slab is ideally cut and the
two parts are put apart, two complementary surface termina-
puted and experiment values of the structural parameter fotlons are crea.ted.. In our case, they are Aeype-O and

A-type-u terminations, on one hand, and tBeype-O and

ik()juelﬁtil_(:lziclgztr?er:eeihz\?ilpné%t;?k\)):h:.e-li-geé Sr r?gl?: Jfaﬁ(l)rﬂgStTheB'type'Co ones, on the other. The surfaces with both termi-
P ' nations arise simultaneously under cleavage of the crystal

structure relaxation keeps the octahedron perfect, reducin&qd relevant cleavade eneray is divided between these two
the size of all the nearest-neighbor distances between oxygen 9 oy

layer and cobalt layer while increasing those distances be_urfaces.
y Y o 9 The (003 plane consists of only one type of atg@o, O
tween oxygen layer and lithium layer.

The amount of oxygen states mixed into Gtates(or or Li), and so this plane is polar and causes some difficulties
Y9 in the surface energy estimation. For nonpolar slabs, the sur-

vice versa can be assessed from Fig. 4, which summarizeg, . energy is simply half of the cleavage energy, since the

tnhoetigg?;]r;%]i?z:tsesfol;lycgznaggtgég g;eot%tglm?r%i 8\?; ':I?yslab has two identical surfaces. For polar slabs, there are two
different surface terminations in a slab calculation, and here

the other contributions to the valence bartdpart from the : :
narrow band of oxygenstates at 19 e/ A much more no unique surface energy can be defined, and only the cleav

detailed analysis can be made, however, on the basis of Figs. o ) )
5(a)-5(c) where local partial DOS's of Li, Co, and O, respec- TABLE Ill. Surface preliminary relaxation foA-type termina-
tively, are given in the separate panels. The lowest band iHon. Relative deviation from theory values of unrelaxed surface are
the valence region is derived from the @s) states and 9/Ven in parentheses.

centered at 19 eV or so below the Fermi level. This band has
a weak dispersion, with a bandwidth around 1-2.5 eV, indi-

Preliminary relaxation

cating the Q(2s) electrons are localized. The valence band is Distance(A) A-type-O A-type-Li
mainly derived-from -the Q2p) and Co(3d) states which dip 0.8800 0.9251
show a_Iarge_dls_per_smn _tha}n the(2s) and_ Cq(4s) bar_lds, tys 1.0753 1.1546
respectively, indicating significant delocalizatimandwidth 12786 1.0069
about 6 eV. The conduction bands are derived mainly from q 1.4059 14275
the empty Co(3d) and from O(2p) valence stategaround 45 ' '
Co:0=6. The unoccupied states between 5.5 and 8 eV ardss 1.0101 1.2882
dominated by Lis and p contributions. Ady, -0.1599-16%) -0.3984-30%)
Generally, the calculated eigenvalue band gaps arédzs +0.0354+3.4%) +0.1147+11%)
smaller than the corresponding experimental optical bandds, -0.0449-3.4%) -0.033@-3.2%)
gaps for the GGA and LDA. For LiCof the calculated Ad,, +0.0824+6.2 +0.1040+7.9%)

(directh band gap is 1.77 eV, to be compared with the experi-Ad56

-0.0298-2.9%)

-0.0353-2.7%)

mental optical band gap around 2.7 &V,
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age energy of the crystal is well defined. To be able to comas shown in Fig. @). The other LiCoQ(003) surfaces are
pare the relative stability of the polar and nonpolar surfacesalso parallel to thexy plane, and there are again two
as will be discussed, only the cleavage energies will be dist2X2) surface terminations, one with only O atonfs
cussed in the following. B-type-O and one with Co one@B-type-C0a in the topmost
The calculated cleavage energies for the unrelaxed anidyer, as shown in Fig. (B). These four different2x 2)
relaxed(003) surfaces are given in Table IV. Our GGA re- terminations are nonstoichiometric, exhibiting an excess of
sults are presented for the 12-layer atomsAandB types  0oxygen or cobalt/lithium atoms, and belong to the class of
and the 13-layer atoms for nonpolar slab, as will be dis-So-called polar surfacés the stability issue of which will be
cussed in Sec. IV. The unrelaxed and relaxed cleavage endfiscussed in Sec. IV. _ _
gies forA type are 1.49 and 1.18 Jfnand forB type they As far as the atomic structure is concerned, important
are 3.81 and 3.47 J/AAnrespectively. Due to the obvious Modifications are present on the surface. The relaxations of
different cleavage energiesqtype surfaces can be formed the metal and oxygen terminated surfaces are very large.
more possibly thaiB-type ones. That is to say, the interac- Preliminary optimization ofA type allowed motion in only
tions between cobalt layer and oxygen layer are much strorf€ first five layers of atoms. For both types, the outermost
ger than those between lithium layer and oxygen |ayer!ayer atoms move inwards the surface, only in the dlrgcuon
which agrees with results in Ref. 24. On the other hand, thi®erpendicular to 'the .surface, to further decrease the thickness
conclusion can indirectly explain the phenomenon thaf the whole equilibrium atom layers. All atoms almost have

LiCoO, coated by MgO possesses the more stable strdéture® relaxation along they plang. The_refore, fuII_y r_elaxation _

because the exposed Li-O groups easily react with the ele(9-f these surface structures gives rise to a similar result in

trolytes so that the structure is destroyed. spite of a little difference. The extrapolated results for the
We have also calculated the energy gained by relaxatioRreliminary and full relaxations of the polar surfaces are

of ideally cut surface, the relaxation energy, calculated a§Ummarized in Tables Il and il foA type andB type, re-
relaxed_ —unrelaxe spectively. For preliminary and full relaxations optimization,

E =—(E E . The relaxation energies are
retmed™ ~(Egu B 9 the largest relaxation is found for tetype Li termination,

0.028 eV per formula and 0.026 eV per formula fotype where the outermost interlayer spacing is compressed by
andB type, respectively. Although the different terminations . . : ;
yb P y g bout 30% relative to the bulk interlayer spacing, while the

of the (003 surface lead to great differences in the cleavag€. double-| di o ination d
energy, the relaxation energies have almost no difference. t;;/Stabglljt fésyer istance @k-type O termination decreases
0.

The outermost lithium and oxygen atoms of thetype
surface shorten the thickness of whole equilibrium atom lay-

There are several ways to minimize the energy of aers by about 0.25 and 0.12 A, respectively. The second-layer
cleaved surface, such as relaxation, surface reconstructiogo atoms move by 0.04 A in the direction opposite to that
and adsorption of adatoms on the surface. Here we haver the top-layer O atoms, whereas the third-layer O atoms
studied the relaxation of the surface atoms to their equilibdisplace by 0.003 A outward, that is, in the same direction as
rium positions. The energy gained was described above; hetle second-layer Co atoms. So the first and second interlayer
we will discuss the surface geometry structure. spacing have relaxations of increase and decrease, respec-

For the LiCoQ (003 surfaces there are two different tively. From the top layer O to the bottom layer Li, the re-
(2X2) surface terminations, one containing only O atoms inlaxations of all interlayer spacing decrease and increase al-
the topmost layefA-type-O, and the other Li(A-type-Li),  ternatively.

C. Surface geometry structure

U

i
VoF nonpolar
A
& b : B-type
E 104 E FIG. 6. DOS of bulk and both
S i clean, and unreconstructd@03)
S o " surfaces of LiCo@ (a) the DOS
o ) ! ) ' ) ) ) ! ) of A-type termination(b) the den-
L Atype sity of states ofB-type termina-
g 109 tion, and(c) the density of states
8 of both Li terminations. Fermi
a 0 ' ' T - level is set to zero.
- [}
: bulk
g W Am
A
O Ea I T I T I . } Y I '
-20 15 0 5 10
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Energy(eV)
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For full relaxation, the outermost cobalt and oxygen at-wards, resulting in a decrease of the thickness of the whole
oms of theB-type surface sink into the thickness of atom- atom layer, independent on the terminations. The decrease
layer by about 0.12 and 0.38 A, respectively. The largestind increase of relaxations of all interlayer spacing are alter-
relaxation is found for theB-type O-terminated surface, native.
where the outermost interlayer spacing is lessened by
roughly 27%, compared to the bulk value. However, the first
double-layer distance d@-type Co termination is reduced by
about 22%. The second-layer O atoms move by 0.13 A out- The projected density of stat¢éBDOS for the atoms on
ward, whereas the third-layer Li atoms move inward, by 0.1%the relaxed(003) surfaces were calculated and shown in
A. From the top layer O to the bottom layer Co, the changes-igs. 6 and 7. The corresponding DOS plots for bulk LiGoO
of all interlayer spacing are alternative. More details areare also shown. The highest occupied band is mostly deter-

D. Surface electronic structures

shown in Tables Il and lll. It is noticeable that the secondmined by the 8 states of cobalt, with some contributions
interlayer spacing is lengthened, by 33%Bype O termi-  from oxygen 2, whereas the characteristic narrow peak
nation with respect to bulk value. above the Fermi level mainly consists of the Sates of Co.

To summarize, both types of surfaces show the same baside lowest energy band consists of oxygerc@ntributions.
relaxations with the outermost cation and anion moving in-As with the case of bulk, the contributions of Li to DOS are

125433-7



HU et al. PHYSICAL REVIEW B 71, 125433(2005

TABLE IV. Cleavage energ¥eay (in J/nf) and relaxation en- TABLE V. Relaxation and rumpling on th@®03)-LiCoO, termi-
ergy E,qax (in €V per chemical formula of LiCog) for the different  nations. The mean positions of the LiCplayers are computed by
LiCoO, surfaces. The total energy is the energy calculated beforaveraging the normal coordinates of the corresponding atoms. The

the relaxation. interplanar distances are given in angstroms and their relative varia-
tions in brackets. The displacements of itte(d;,d,) layer surface
(003 surface  Total energy EUTelaxed  prelaxed g o atoms, and the rumpling amplitudes=d; -d, are given in A. “+”
and “=” mean increase and decrease, respectively.
A type -290.0738 1.49 1.18 0.31
B type -277.0604 3.81 3.47 0.34 Layer RelaxationgA) Rumpling (A)
nonpolar —293.2491 0.92 0.59 0.33
d; dy d;-d;
1Li -0.3994 no rumpling
very small but not equal to zero. The surface bands are in- T 0.9085-32%)
tersected by the Fermi level, which confers a metallic char- 20 0.0430 -0.0118 0.0548
acter to bothA-type andB-type terminations. 1 1.0199-1.9%)
The DOS of bulk LlCOQ calculated here with the PAW- 3Co 0.0475 0.0237 0.0238
GGA method is found to be very similar to the DOS curves 1.0273-1.2%)
Iting from the LSDA calculations in Ref. 24 and to the f i '
resu 40 0.0579 0.0385 0.0293

FLAPW calculations of bulk LiCo@in Ref. 26. The DOS

structures for thé003) surfaces show some resemblances to T 1.3501+2.09%)

the DOS for the bulk, although some differences can be SLi 0.0257 0.0166 0.0091

found (Figs. 5 and & For the surfaces some bands are T 1.3575+2.6%)

shifted and the gaps reduced, compared to those in the bulk. 60 -0.0127 -0.0120 -0.0007
In particular, there is no energy gap between the valence and ¢ 1.0275-1.2%)

conduction bands for th@®03) surfaces due to the contribu- 7Co 0.0003 ~0.0003 0.0006

tions of 10th layer cobalt@®and outermost Li &/2p states
and 11th layer Li and outermost (» Btates forA type andB
type, respectively. Likewise, the lowest-energy band up IV. NONPOLARIZED (003) SURFACES
shifts with respect to the Fermi level for tti@03 surfaces.
All bandwidths are expended lightly relative to the bulk, As mentioned above, all of the four possiigx 2) ter-
which are mainly resulted from Op2electronic redistribu- minations are nonstoichiometric and are called as polar sur-
tion, regardless oA or B type. ForB type, furthermore, @  faces, which are usually not expected to be stable on electro-
states of the 12th layer O are localized in Fermi level, whilestatic ground$. Various mechanisms can also be imagined
the states of other O layers A/andB types are similar each for the stabilization of polar surfaces of LiCe@003). For
other and show resemblances to those of the bulk. this system, the polaf003 surface was modeled as a Li-
Around the Fermi level, ranging from about —1.934 toterminated surface with half of the surface Li atoms moved
1.179 eV, the numbers of states are 5.727, 5.777, 6.886, aritbm one side of the slab to the other in one checkerboard
10.716(states unit!) for the bulk, nonpolarA type andB  way to eliminate the dipolar moment and to fill the LiCpO
type, respectivelysee Fig. 6. Similarly, the corresponding formula. The lithium termination considered here is sche-
energies of systems are also increadisee Table IV. That  matically shown in Fig. 3: the lithium atoms are located
is to say, the higher the system energy is, the bigger thalong[003] on both surfaces of the slab as in Figay
number of DOS around Fermi level is, and the more obvious As far as the atomic structure is concerned, it can be seen
the changes of DOS are. Féx type the redistribution of in Table V that large relaxations occur in the outermost lay-
Co-d and forB type the redistribution of CoeBand O-2  ers. The interlayer distance between the outermost Li layer
have the main responsibility for the changes of states closingithout rumpling and the next layer O with neglectable rum-
to Fermi level, respectivelysee Fig. 7. Also the changes pling beneath the outermost Li layer contracts by 32%, while
occur at the cost of the state number of conduct band relativéhat between the latter and the third Co layer is compressed
to the bulk. Furthermore, we can also see that the polaritpy 1.9%. The largest relaxation is equal to 0.40 A and in-
has an important influence on the electronic redistributiorwards in the outermost Li layers, while the rumpling of other
(see Fig. 6. A type andB type are polar, and they show layers has no much influence. Due to the relaxations of out-
metallic characters; but the case is not true for nonpolar surermost Li layers, the thickness of the atom layer is decreased
face, and the number of states from about —1.934-1.179 e¥y 0.80 A relative to the bulk value. Fortunately, the dis-
has no obvious difference between the nonpolar surface artdnces of Li-O interlayer and that of Co-O interlayer are
the bulk. increased and decreased, respectively, except for the contrac-
All in all, it is clear that the introduction of a surface in tion of the outermost Li-O interlayer distance, which would
stoichiometric LiCoQ affects the electronic structure in the be helpful to the motion of Li ions during the intercalation/
surface layers to some extent. Furthermdketype andB  deintercalation process in Li-ion batteries.
type have the metallic character due to the introductions of Unlike A or B type, the DOS plots of the nonpolar sur-
surfaces. faces are almost identical with those of the bulk, except for
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the neglectable difference between the outermost Li of thdike. For the surfaces some bandsfodndB type are shifted
nonpolar surfaces and the Li of the buyliee Figs. 6 and)8 and the gaps are reduced and show a metallic character,
The surface bands are kept a semiconductor character rathghile the semiconductor character is retained in the nonpolar
than a metal character due to the symmetry of the nonpolasurface considered in this study. For all surfaces we obtain a
ized surface. considerable inwards relaxation of the surface atoms and a
From the energy point of view, more importantly, the strong contraction of the outermost double-layer spacing. For
cleavage energies of unrelaxed and relaxed nonpolar suthe nonpolar surface model, the relaxations are beneficial to
faces, which are 0.92 and 0.59 Fmespectively(see Table the motion of lithium ions in the charge and discharge pro-
IV), are much smaller than those Atype (not mentiontdB  cess. On the other hand, because the exposed Li-O groups
type). Obviously, the nonpolar surfaces are more stable tharasily react with the electrolytes so that the structure is de-
the clean and unreconstructed polar surfaces, indicating th&royed, this can indirectly explains the phenomenon that
possibility of the reconstruction of the polé#03) surfaces. LiCoO, coated by MgO possesses the more stable structure.
Unfortunately, to our knowledge, no experimental infor- As far as the unreconstructed ideal surfaces, the surfaces are
mation on such surface reconstructions is presently availabl®rmed much easier by breaking the Li-O interaction than by
for crystalline LiCoQ. Without any such information, not breaking the Co-O interaction along the direction perpen-
even on the surface periodicity, the phase space of possibtiicular to thec axis. However, the nonpolar surfaces occupy
reconstructions is simply too huge to be assertively screenddwer cleavage energy, implying the possibility of the recon-
by today’s first-principles techniques alofleCompared to  struction of (003 surfaces.
the construction presented in this study, the best we can do is Although there is no experimental evidence concerning
to check by how much surface reconstructions would have twhether the unreconstructed or reconstructed surfaces, the
lower the surface free energy, when such information bemain results of the presented investigation are an available
comes available from experiments, in order to give rise tcset of reliable data for the LiCo003) surfaces, which we
significant changes in the real LiCgQ@rystal shape. consider to be a reference for future studies.
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