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We report a comprehensive first-principles study of thenttoglynamics and transport of intrinsic point defects in tageox-
ide cathode materials LiMO(M=Co, Ni), using density-functional theory and the HeychiSeria-Ernzerhof screened hybrid
functional. We find that LiCo©has a complex defect chemistry; different electronic amitidefects can exist under different
synthesis conditions, and LiCg@amples free of cobalt antisite defects can be made undexdsss (Co-deficient) environ-
ments. A defect model for lithium over-stoichiometric LiGgis also proposed, which involves negatively charged lithiu
antisites and positively charged small (hole) polarond.iNiO,, a certain amount of Ni ions undergo charge disproportion-
ation and the concentration of nickel ions in the lithiumdes/is high. Tuning the synthesis conditions may reduce itieeh
antisites but would not remove the charge disproportionatin addition, we find that LiM@cannot be doped- or p-type; the
electronic conduction occurs via hopping of small polarand the ionic conduction occurs via migration of lithium &acies,
either through a monovacancy or divacancy mechanism, dé@pgnon the vacancy concentration.

1 Introduction off-stoichiometry and cation mixing have been found to be
detrimental to LiNiQ's electrochemical performande’*
Layered transition-metal oxides LiIMO(M=Co, Ni) have In order to understand the experimental observations and

been studied intensively for lithium-ion battery intesi&@n  resolve the conflicting defect models and interpretatiaips,
cathodes™? It has been reported that LiCgQsynthesized parently one needs to have a detailed understanding of the m..
by conventional high temperature-800°C) procedures pos- terjals’ defect chemistry, which can be achieved througtt-fir
sesses th©3-type layered structure with excellent ordering principles computational studies. In fact, calculationsé

of the Li* and Cd* ions and good structural stability. The on density-functional theory (DFT) have been proven to be
material synthesized at low temperatureglQ0°C), however,  an jmportant tool in investigations of point defects in bat
yields a significant disordering of the Liand C&* ions  cathode materials. In such calculations, certain aspactbe

and exhibits poor electrochemical performarick.has also  jsglated and studied more easily than in experiments. Aarop
been shown that experimental studies of the magnetic propsng comprehensive treatment of defects based on DFT not
erties of LiCoQ always reveal localized magnetic moments, only can provide a quantitative understanding of the thermc
and the commercially available, high-temperature symtbels  gynamics and transport of the defects but also shed lighten t
LiCoO, is often made deliberately with Li-exce$dhe elec-  glectronic and ionic conduction mechanisms and help dpvelo
tronic state of Co and the nature of charge-compensating d%Trategies for improving the materials’ performariést?

fects in LICoG are still not fully understood, although sev- There have been numerous computational studies of layer=-
eral defect models for the lithium overéstoichior'neti'u'e.(.Li- LIMO,. 1825 All these studies have, however, focused mainly
_ex_cess) LiCoQ have been propos_ertt Rege_lrdmg LINIGQ, on the bulk properties and Li diffusion, with much less atten
Itis k_nown that the compound W'.th all Niin a+3va|encr_a tion paid to the defect chemistry. A systematic DFT study
state is extremely hard to synthesize because of the difficul of point defects in LiIMQ has only recently been carried out
of stabilizing N7 at high temperature:°=2in fact, it is by Koyamaet al.,?%?” providing useful information on defect
now believed that stoichiometric LiNigtloes not actually ex- .formation in the, studied materials. This work, however, has

'S.:; anctJI the conspt;_und ?al\f :_sllwayst ?ﬁeanoqtrécé'[los 1h4a_|\_'ﬁ a S'%hree major limitations. Firstly, the DFT calculations eear-
nificant concentration of NI lons at the LI sites: € ried outusing the GGAU method!828-3%n extension of the

& Conter for Comutationallv Asidted S S Techmoloay: North Dakot generalized-gradient approximation (GGA) for the excleang
enter rTor Computationally lence an Nology, Nor Oota . H 1: . _ai . _
State University, Fargo, ND 58108, USA. E-mail: khang.hoang@ndsu.edu correlation functionaP! in which the on-site Coulomb inter

b Center for Computational Materials Science, Naval Research Laboratory, action parametad for the transition metal was assumed to be
Washington, DC 20375, USA. the same in different chemical environments. Secondly, the
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authors did not address the spurious long-range Coulomb irgence with respect to self-consistent iterations was asdum
teractions between charged defects in calculations usieg t when the total energy difference between cycles was less tha
supercell approach?-34These interactions often significantly 104 eV and the residual forces were less than 0.013e
alter the calculated total energies, leading to inaccutlate the defect calculations, the lattice parameters were fix¢t
fect formation energies. Thirdly, and most importantlye th calculated bulk values, but all the internal coordinatesewe
authors did not fully investigate the dependence of defaet f fully relaxed. The migration of selected defects in LiM®as
mation energies on the atomic chemical potentials, which castudied using the climbing-image nudged elastic-band (NEB
be used to represent the synthesis conditions, resultiag in method* All calculations in LIMO, were performed with
incomplete and inaccurate picture of the defect chemistry.  spin polarization and the ferromagnetic spin configuration

In this Article, we present a comprehensive DFT study
of the structure, energetics, and migration of intrinsicnpo 2.2 Defect formation energies
defects in layered LiM@ using a hybrid Hartree-Fock/DFT ] ; ] ) )
method, specifically the Heyd-Scuseria-Ernzerhof (HSE06) he formation energz’ of a defect is a crucial factor in de-
screened hybrid functiondP-37 Compared to the GGAU term|n|_ng its concentration. In thermz_;\l equ!llbnum, tm_me
method, the hybrid functional improves the transferapitit centration at temperatufiecan be obtained via the relati¢h
calculations across compounds by treating all orbitalshen t f
same footing, thus improving the accuracy of defect forma- c= Nsiteg\lconﬁgexp<;> , (1)
tion energies. We find that LiCoChas a surprisingly com- BT

plex defect chemistry. Different electronic and ionic défe  \yhereNg,sis the number of high-symmetry sites in the lattice
such as small polarons, antisite defects, and lithium vacarer unit volume on which the defect can be incorporated, anci
cies can exist with high concentrations in the material wheny . is the number of equivalent configurations (per site).
synthesized under different conditions. In LiNiCa certain |t follows from this equation that defects with low formatio
amount of N#* ions undergo charge disproportionation, andenergies will easily form and occur in high concentrations.

nickel antisites have a low formation energy and hence high The formation energy of a defect X in charge stgie de-
concentration. We will discuss how our results for LIMEAN  fineq ad5:32

explain the experimental observations, help understaad th

mechanisms for electronic and ionic conduction, assisein d Ef (X9) = Etot(X9)  —  Egot(bulk) — Z i L

fect characterization and defect-controlled synthesisidti- [

mately aid in the rational design of cathode materials with i + q(BEy+ Ue) +AY, (2)

proved electrochemical performance. Comparison withiprev _

ous theoretical works will be made where appropriate. whereEt(X?) and Eror(bulk) are, respectively, the total en-
ergies of a supercell containing the defect X in charge state
and of a supercell of the perfect bulk materjaljs the atomic

2 Methodology chemical potential of speciégand is referenced to its stan-
dard state), and; denotes the number of atoms of spedies

2.1 Computational details that have been added ¢-0) or removedi; <0) to form the de-

fect. L is the electronic chemical potential, referenced to the
Jalence-band maximum in the bulky). A9 is the correction
term to align the electrostatic potentials of the bulk ande
supercells and to account for finite-cell-size effects @ttital
energies of charged defec$To correct for the finite-size ef-
fects, we adopted the approach of Freyseldi. in which the
correction term to the formation energy is determined with-
out empirical parameter$:3* This approach has proven to be
effective for studies of defects in solid8*’

The atomic chemical potentialg are variables and subject
to thermodynamic constraints, which can be used to represen
the synthesis conditions32 The stability of LiIMO, requires

The presented calculations were based on DFT using th
HSEO06 hybrid functionaf>~3” and the projector augmented
wave method®39 as implemented in the VASP cod&:*?
The GGA#J method®2?8-*0was used only for comparison
in some specific bulk calculations, with values set to 4.91
eV (for Co) and 6.70 (Ni), taken from Zhoet al.*3 Calcu-
lations for bulk LiIMG, in the O3-type layered structure were
performed using a ¥7x7 Monkhorst-Pack-point mesh?*
The structural optimization allowed for Jahn-Teller dittm

in LiNiO,,. Intrinsic point defects were treated within the su-
percell approach, in which a defect is included in a finite vol
ume of the host material and this structure is periodicadly r
peated. For defect calculations, we used hexagonaBfal) UL + tn + 200 = AH T (LIMO 2), ?3)
supercells, which correspond to 108 atoms/cell; integnati

over the Brillouin zone were carried out using thepoint.  whereAH' is the formation enthalpy. This condition places
The plane-wave basis-set cutoff was set to 500 eV. Convera lower bound on the value ¢f. Additionally, one needs to

2 Journal Name, 2014, [vol], 1-13 This journal is ©@ The Royal Society of Chemistry [year]
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avoid precipitating bulk Li and M, or forming £gas. This
sets an upper bound on the chemical potentia|s:0.32 In
our work, the zero reference statelgf is chosen to be half of
the total energy of an isolated,@olecule at O K.

There are further thermodynamic constraints imposed by
competing L-M—O phases which usually place stronger
bounds ony;. For example, in order to avoid the formation
of Li»O, a competing phase of LiCgD

24 + po < AH'(Li20). @)

By taking into account the constraints imposed by all pdesib
competing phases, one can define the range of Li, M, and O
chemical potential values in which LiMQs stable.

The electronic chemical potentigl, hereafter also referred
to as the Fermi level, is not a free parameter either. In princ Fig. 1 Relaxed structures of (a) LiCa@nd (b) LiNiO,. Large
ple, eqns (1) and (2) can be written for every intrinsic defec (gray) spheres are Li, medium (blue) spheres are Co/Ni, and small
and impurity in the material. The complete problem, inchgdi  (red) spheres are O. Jahn-Teller distortion is observed in LjNiO
free-carrier concentrations in valence and conductionlbgifi  there are four short NiO bonds (shown in the figure) and two long

presenL can then be solved Se'f-consistenﬂy by |mpo$‘|eg t Ni—O bondS-(nOt-ShO-Wn). All structural figures are generated using
charge neutrality conditioR?2 the VESTA visualization packag®

> GiGi —Ne+Mh =0, ()
T Table1 Percentage of transition-metal character at the VBM and

i CBM in LiMO, from HSEO6 and GGA-U calculations. The
wherec; andg; are the concentration and charge of defect orcharacter not attributable to the transition metal at the VBM and

impurity Xj; ne andny, are free electron and hole concentra- CBM comes almost exclusively from oxygen.
tions; the summation is over all defects and impurities.

HSE06 GGAU
VBM CBM VBM CBM

3 Results [iCo0, 62% 81% 56% 79%

LiNIO, 34% 65% 24% 48%

3.1 Bulk properties

Layered oxides LiMQ were reported to crystallize in space

groupR3m. The experimental lattice parameters are 2.83
A andc = 1412 A (M=Co);?2 anda=2.88A andc= 1419  constani3334The electronic contribution to the static dielec-

A (M=Ni). 49 Figure 1 shows the relaxed structures of LiMO tric constant can be obtained from the real part of the digtec

in hexagonal representations. The calculated latticenpara functione; (w) for w — 0. The ionic contribution, on the other
ters in LiCoQ area = 2.80A andc = 14.03 A; the Co-O hand, can be calculated using density functional pertiobat
bond length is 1.94. In LiNiO,, a=2.86A andc=14.17  theory>>°3 Since the ionic contribution only depends on the
A taken as an average hexagonal unit cell; there are fout shoBorn effective charges and the vibrational modes, which are
Ni—O bonds (1.84\) and two long Ni-O bonds (2.13) due  usually well described in GGA? this term can be calculated
to the Jahn-Teller distortion associated with low-spifNi ~ using GGA or GGA-U. We find the electronic contribu-

in reasonable agreement with the experimental values af 1.9tions are 4.67 (for M=Co) and 5.11 (M=Ni), obtained from
and 2.07A in Li 0.08Ni1.020, reported by Delmast al.®° The HSEO06 calculations, whereas the ionic contributions a8 8.

calculated magnetic moment isi§ for Co, indicating that ~(for M=Co) and 10.34 (M=Ni), obtained from GGAU cal-

Ca®t is in the low-spin state in LiCoQ and 0.85ug for Ni, culations. The calculated total static dielectric contstare
i.e, Ni3t is also in the low-spin state in LiNiQ The calcu-  thus 13.02 for LiCoQ@ and 15.45 for LiNiQ.

lated formation enthalpies at 0 K are6.96 eV (M=Co) and Figure 2 shows the total electronic densities of states o
—6.10 eV (M=Ni), in agreement with the experimental valuesLiMO ,, obtained in calculations using HSE06 where the de-
of —7.03 eV (M=Co) and-6.15 eV (M=Ni)5* fault Hartree-Fock mixing parameter valae=0.25 was used,

The implementation of finite-cell-size corrections in the and GGA+U whereU=4.91 eV for Co and 6.70 eV for Ni. At
Freysoldt approach requires values for the static diatectr first glance, both methods give quite similar electronicsilen

This journal is © The Royal Society of Chemistry [year] Journal Name, 2014, [vol], 1-13 | 3
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Table 2 Calculated formation enthalpies at 0 K, in eV per formula

= —  HSEO06 unit. Experimental values at 298 K are also included
S o3 alis MEE B M e GGA+U
g — System Crystal structure This work Experiments
o NI Wi T Li,O cubic —5.75 —6.218
k3 , Li,O, hexagonal —5.84 —6.56
@ LiCaC, CoO hexagonal -3.13 —2.48"
© Coy0, cubic —9.94 -9.43
- LiCoO, trigonal ~6.96 -7.09
> LigCoO, tetragonal —20.62
ZR ot A AR U I /i) U — - NiO cubic —2.89 —2.48
o} nm—— . .
fa LiNIO,, monoclinic -6.10 -6.19
B Li,NiO trigonal —8.76
HNIO, LiiNiOi monoclinic —-9.10
8 6 4 -2 0 2 4 6 8 10
Energy (eV) a Ref 54,
b Ref.51,

Fig. 2 Density of states of LiCo@and LiNiO, obtained in HSE06

and GGAY calculationsl=4.91 eV for Coand 6.70 eVfor Ni. oy harimental band gap value could be sensitive to the gualit

of the samples which in turn depends on the synthesis cond.-
. tions. For LiNiO,, Anisimov et al.'® described the material
ties of states, except that the HSEO6 band gap and valencgg small-gap insulator and cited a band gap value of 0.4 e/
band width are larger. The calculated band gaps are 4.11 anjghy, inverse photoemission. Molengaal.,>° on the other
1.93 eV for M=Co and Ni, respectively, in HSE06, and 2.745nq reported a band gap of 0.5 eV. Apparently, our HSEUo
eVand0.30 eVin GGAU. The HSEO6 band gap for LICQO  cajculations significantly overestimate the band gap \eaoe
is in good agreement with that of 4.2 eV reported by Ensting | j\o,. It has also been observed in some other complex
al.,%® obtained in calculations using the B3LYP hybrid func- o ides that HSEOG tends to overestimate the band B,
tional. Upon further examination, we find that the nature of yqyever, it should also be noted again that no stoichiometri
the electronl_c states at_the valence-band maximum (VBM)samples of LiNiQ exist from which to measure the gap. Al
and conduction-band minimum (CBM) can be dependent ofkno\wn samples are defected at some level and this changes
the method used, especially in the case of LiNidrable 1 i the chemical composition and the long range structura!
lists the pgrcehtage of transition-metal character at tB&V order, as evidenced by the local, rather than cooperative, o
and CBM in LIMO, from HSEO6 and GGAU. The VBM  gapyeq Jahn-Teller distortidi. This obviously complicates
and CBM in LiCoG are predominantly transition-metall3  omparison between calculated and observed bulk propertie
states in both HSEO6 and GGAJ. In LiNIO,, the VBM has  incjyding the band gap. Although this issue needs furthe:

a significantly larger contribution from Opistates, with 34%  jnyestigations from both the computational and experiment
from the Ni atom and 32% from each O atom (HSEO6), Orgjges; it does not play a crucial role in our discussion of the
24% from the Ni atom and 38% from each O atom (G84).  gnergetics of point defects in LiMO In fact, it has been ob-

In both compounds, the Lisstate is high up in the conduc- sepyed that the defect formation energy at the Fermi level de
tion band, suggesting that Li donates one electron to thedat  ormined by the charge neutrality condition (5) is usuathy n
and becomes L. This information about the electronic struc- sensitive to the calculated band gap, as long as the phyesics n

ture will become very useful when we discuss about defects ighe pand edges is well reproduced by the calculatf§i$s.
LiMO, since the formation of a defect often involves remov-

ing (adding) electrons from (to) the VBM (CBMP

There are discrepancies in the experimental band gap v
ues for LiCoQ reported in the literature. Ghost al.>® Figure 3 shows the atomic chemical-potential diagrams-assu
obtained a band gap of 1.7 eV from optical spectroscopyciated with LiMO,. In order to construct these diagrams, we
With ultraviolet-visible spectroscopy, Kushi@hal.®® found  explored and calculated all possible-lM—O phases avail-

2.1 eV. Rosoleret al.5” reported a direct band gap of 2.5 able in the Materials Project datab#eAs mentioned in

eV with photocurrent spectra. Using a combination ofSec. 2.2, the zero reference state of the oxygen chemical po-
bremsstrahlung isochromat spectroscopy and x-ray photodential Lo is chosen to be half of the total energy of an iso-
mission spectroscopy measurements, vareE4h %8 obtained  lated @ molecule. In our calculations, the-@ bond in

a band gap of 2X%0.3 eV. The discrepancies suggest that thean Q, molecule is 1.214, and the calculated binding energy

aﬁ.z Chemical potentials and phase stability

4] Journal Name, 2014, [vol], 1-13 This journal is ©@ The Royal Society of Chemistry [year]
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Fig. 3 Chemical-potential diagrams for LiMO (a) M=Co and (b) M=Ni. Only phases that define the stability region of LiM@e included,
here shown as a shaded polygon. Point X, marked by a crossspon@s tqu ;=—2.71, ico=—2.91, andupo=—0.67 eV in LiCoQ, and
HLi=—2.85, uNi=—2.75, andup=—0.25 eV in LiNiG,. The stability region of LiCoQis much larger than that of LiNi9

with respect to spin-polarized O atoms is 5.16 eV, in exaglle by 0.42 eV per formula unit, stabilizing the monoclinic pbas
agreement with the experimental binding energy of 5.18%V.
The range of Li, M, and O chemical potential values in which
the host materials LiM@are thermodynamically stablege.,

the shaded regions in Fig. 3, are defined by the competingye investigated various intrinsic point defects in LiM all
Li—M—O phases that can be in thermodynamic equilibriumpossible charge states. These defects include hole arttbelec
with LiIMO,. The calculated formation enthalpies (at 0 K) of polarons, hereafter denoted m$ andn~; lithium vacancies
these phases and those of Li@re listed in Table 2. (Vii) and interstitials (L;); lithium antisites (Liy); transition-
Each point in the diagrams in Fig. 3 corresponds to a spemetal antisites () and vacancies\); oxygen vacancies
cific set of Li, M, and O chemical potential values. Points (Vp); and MG, vacancies\(vo,). We also considered defect
A—F in Fig. 3(a) and points AE in Fig. 3(b) represent lim- complexes such as lithium divacanci@y/(;), antisite defect
iting cases where the host materials LiM@re thermody- pairs (M ;—Liy), and a complex of M andVy;.
namically stable and in equilibrium with different compefi Figure 4 shows the calculated formation energies of se
phases. For example, point A in Fig. 3(a) is whetg 0,0,,  lected point defects in LiIMQ obtained at point X in the ther-
and LiCoG; are in equilibrium; point B is where bO,, Li,O,  modynamically allowed regions of the chemical potential di
and LiCoG, are in equilibrium. These two limiting cases can agrams, marked by a cross in Figs. 3(a) and 3(b). The slop.2
be regarded as representing Li-excess (Co-deficient)@mvir in the formation energy plots indicates the charge statsi-Po
ments. The environments at points A, B, and F in Fig. 3(a) andively charged defects have positive slopes; negativedyged
points A and E in Fig. 3(b) can also be considered as highlyjefects have negative slopes. We find that charged defec’..
oxidizing, given the very high oxygen chemical potential. ~ have positive formation energies only near midgap. There
As can be seen from Fig. 3, the stability region of LiCGoO fore, any attempt to deliberately shift the Fermi level te th
is much larger than that of LiNi© For example, the oxygen VBM or CBM, eg., via doping with acceptors or donors,
chemical potentialio goes from-1.82 eVto 0 eV in LiCoQ, will result in positively or negatively charged intrinsiefécts
whereas in LiNiQ it goes from—0.56 eV to 0 eV. We note having negative formation energids., the intrinsic defects
that uo=—1.82 eV corresponds toQyas at 1200C and 0.2  will form spontaneously and counteract the effects of dgpin
atm; to=—0.56 eV corresponds to yas at 250C and 0.2  This indicates that intrinsic point defects in LiM@annot act
atm.84 Our results thus indicate that stoichiometric LIiCoO as sources of band-like electrons and holes, and the mate:..
can be stable at much higher temperatures than stoichiemetrcannot be made-type or p-type. In the absence of electri-
LiNiO,. We note that LiNiQ would be unstable toward com- cally active impurities that can shift the Fermi-level pimsi
peting Li—Ni—O phases if the Jahn-Teller distortion were not or when such impurities occur in much lower concentrations
allowed. The rhombohedral-to-monoclinic distortion laee than charged intrinsic defects, the Fermi lengis determined
the total energy and hence the formation enthalpy of LiNiO by the charge neutrality condition (5), hereafter this posiis

3.3 Defect structure and energetics

This journal is © The Royal Society of Chemistry [year] Journal Name, 2014, [vol], 1-13 | 5
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Formation energy (eV)

LiCoO,

LiNiO,

\l
LN

1.0

35 40 00 03

Fermi level (eV)

00 05 1.5 20 25 3.0

0.6

0.9 1.2 1.5 1.8

Fig. 4 Calculated formation energies of intrinsic point defects in LiG@@d LiNiO,, plotted as a function of the Fermi level with respect to
the VBM. The energies are obtained at point X, marked by a cross irhéiraical-potential diagrams in Figs. 3(a) and 3(b). In the absence o1
extrinsic charged impurities, the Fermi level of the system jg.at ul", where charge neutrality is maintained.

Table 3 Calculated formation energiek {) and migration barriersHm) of the most relevant point defects in LiMOThe formation energies
are obtained at points-AF and X in Fig. 3(a) for M=Co and points-AE and X in Fig. 3(b) for M=Ni. The lowest energy values associated
with each set of the atomic chemical potentials are underlined. The bindérgies Ep) of defect complexes are listed in the last column.

Defect E' (eV) Em (eV) Constituents Ep (eV)
A B C D E F X
LiCoO, nt 0.890 0.89 135 159 1.18 081 _1.15 0.10
n- 1.65 165 _1.20 0.96 1.37 174 1.40 0.32
Vi 119 128 149 142 055055 1.15 0.70
A 1.69 178 245 260 133 0.97 190 Vi+nt 0.40
Ca; 208 208 _1.20 096 0.55 0.55 141
Co), 319 319 185 138 138 175 227 Con- 0.54
Cof 340 340 297 297 215 179 298
Lig, 1.36 136 179 179 260 297 177
Lic, 0.89 0.89 178 201 242 242 156 &i+nt 1.36
Lig, 092 092 226 273 273 236 184 aH2n* 2.23
Coj-V; 276 284 217 186 059 059 205 CoV; 0.51
Coj-lico 234 234 234 234 234 234 234 CoLid +n* 1.99
LiNIO n* 051 051 051 0.51 051 051 028,021
n- 051 051 051 0.51 051 0.51 0.26,0.28
Vv 1.08 132 142 142 087 1.22  0.56,0.66
VS 115 139 149 149 0.93 1.29 Vi+nt 0.45
N’ 096 096 076 053 053 0.75
Nip, 1.01 1.01 0.82 0.59 0.9 0.80 Ni-n~ 0.45
NiZ" 1.70 170 150 1.27 127 1.49 Ni-n* -0.23
Ligy 129 129 148 171 171 1.49
Lin: 079 079 098 122 121 1.00 Fi+nt 1.01
Li; 068 068 088 111 111 0.89 Fi+2ont 1.63
Nit-v; 187 211 202 179 123 1.80 Ni-V; 0.17
Nig-Lig 119 1.19 119 119 1.19 1.19 Ni+LiZm +n* 1.57
6 | Journal Name, 2014, [vol], 1-13 This journal is © The Royal Society of Chemistry [year]
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denoted ag/™, and is almost exclusively defined by the posi- @) (b)
tively and negatively charged point defects with the loviesst
mation energie3>55-68with the chosen sets of atomic chem-
ical potentialsy™ is 1.52 eV above the VBM in LiCoQ de-
termined by the hole polaronp™ and the negatively charged
lithium vacancyV,;, or 0.88 eV above the VBM in LiNiQ),
determined by and the electron polaran™.

The results presented in Fig. 4 are, however, not the only

scenario that may occur in LIMD As it is clear from eqgn. (2), ( PN -
the defect formation energy and hence concentration depen © O /@C ot O ( o QO O
on the chemical potentials. We therefore list in Table 3 the ﬁkﬁ £ o )r,&,-» :P;’
calculated formation energies of the most relevant poirt de @ ® S G { o
fects in LiMO, for different sets of atomic chemical poten- O O ®) o )

tials which correspond to points-A and X in Fig. 3(a) for

M=Co and points A-E and X in Fig. 3(b) for M=Ni, obtained

at the Fermi-level positioplg“ determined by the charge neu- Fig- 5 Chgrge density of the sma_lll hple and electron polarons in
trality condition. With the allowed ranges of the atomicghe ~ayered oxides: (aj *and (b)n~ in LiCoO,, and (c)n* and (d)

ical potentials, we find thagu!™ is in the range of 1.191.96 N~ inLINIO,. Large (gray) spheres are Li, medium (blue) spheres
eV in LiCoO,, which is always far away from both the VBM are Co/Ni, and small (red) spheres are O.

and CBM. In LiNiQ,, uint is always at 0.88 eV. The results

summarized in Table 3 clearly show that the point defectdand

scapes in LiMQ can be very different under different thermo- €V, independent of the atomic chemical potentials.

dynamic conditions. In the following, we analyze in dethgt In forming the polarons, the removed or added electron cau.
structure and energetics of the defects. be regarded as becoming self-trapped in the local lattise di
Small polarons. The formation of™ involves removing  tortion, which acts as a potential well, induced by its owespr
an electron from the system which results in a low-spitM ence. Since the distortion is found to be mainly limited te th
ion at the M lattice site. The calculated magnetic momentneighboring O atoms of the # or M2* ion, these hole and
of the M** ion is 1.13ug for M=Co or 0.07 g for M=Ni. electron polarons can be considered as small poldidfis.
The local lattice geometry near the*Mion is slightly dis-  Figure 5 shows the charge density of the polarons in LiMO
torted with the six neighboring O atoms moving towar@M  Most of the positive (hole) or negative (electron) charge re
In LiCoO,, the Ce-0 bond length at the o site is 1.884, sides on the transition metal, but significant charge is alsc
as compared to 1.9 of the otherOCc—rO bonds. In LiNiQ, on surrounding oxygens, particularly in the case of LipliO
there are four NiO bonds of 1.86\, as compared to 1.88 The features ofj+ are necessarily related to the nature of the
of the other four short Ni O bonds, and two NiO bonds of VBM from which the electrons are removed to form the po-
1.90A, as compared to 2.1R of the other long Ni-O bonds, larons, and those af ~ are related to the nature of the CBM
i.e, the Jahn-Teller distortion almost completely vanishes ato which electrons are added. The stability of a polaron i.
the Ni** site. The creation ofy—, on the other hand, corre- a given material can be assessed through its self-trapping e
sponds to adding an electron to the system which results iergy,’®-"2defined as the difference between the formation en-
a high-spin M* ion at the M lattice site. The magnetic ergy of the free hole or electron and that of the hole or ebectr
moment of the M* ion is 2.66ug for M=Co or 1.66pg for polaron. In LiCoQ, we find the self-trapping energies ipf"
M=Ni. The high-spin state of ¥t is lower in energy than andn~ are 0.36 and 1.35 eV, respectively; in LiNiQhe self-
the low-spin state by 0.54 eV in the case of M=Co. We notetrapping energies are 0.36 and 0.65 eV for andn—. Our
that in bulk LiMO,, the M** ion is most stable in its low-spin  HSE06 calculations using a smaller-than-default Harfeek
state. The local geometry near thé Mon is also slightly dis- mixing parameter, particularlg=0.15, also show that the po-
torted, but with the neighboring O atoms moving away fromlarons are stable, though with smaller self-trapping epsrg
M?2*; the six Co-O bonds at the C0 site in LiCoO, are now  0.12 and 0.62 eV fon* andn~ in LiCoO,, and 0.16 and
2.03A and the Ni-O bonds at the Ni" site in LiNiO, are  0.28 eV forn™ andn~ in LiNiO,. GGA+U calculations with
now 2.00A (four bonds) and 2.1 (two bonds). The calcu- U=6.70 eV, on the other hand, cannot stabilize a hole polaroi:
lated formation energies of * andn~ in LiCoO, are in the  in LiNiO,. This is because the VBM in GGAU is predom-
ranges of 0.841.59 eV and 0.961.74eV, respectively, de- inantly delocalized O @ states: the Ni atom contributes only
pending on the specific set of the atomic chemical potentials24% whereas each O atom contributes 38%; see Table 1. W~
In LiNiO,, the formation energy af * andn~ is always 0.51  note that Koyamat al. also found in GGA-U calculations
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with U=5 eV that the hole in LiNiQ is delocalized?® Vmo, can be stable agijZ orv,\j02 whose formation energies
Vacancies and inter stitials. The formation ol involves  are found to be 4.98 eV or higher in LiCg@nd 2.96 eV or
removing a Li ion, which causes inward movement of the higher in LiNiO,. Vi, is in fact a complex o¥;,, andn~
four neighboring Li atoms by 0.1A toward the void formed ~ with a binding energy of 1.88 eV (M=Co) or 0.37 eV (M=Ni).
by the removed L. The calculated formation energy 'gf; These vacancies all have very high calculated formation-ene
can be as low as 0.55 eV and as high as 1.49 eV in LiCoO gies and are therefore not included in Fig. 4 and Table 3.

depending on the atomic chemical potentials; in Lipli@is Antisite defects. Lithium antisites Liy are created by re-
in the range of 0.871.42 eV.V? is created by removing a placing M at an M site with Li. L is Li* replacing M+.
Li atom, which is in fact a LT ion and an electron from a pue to the Coulombic interaction, the six nearest lion
neighboring M atom, leading to the formation of a void at theneighbors of L, are pulled closer to the negatively charged
site of the removed Li and an M+ at the neighboring M site.  yefect with the 13- —Li distance being 2.6, compared to
There is a slight distortion in the local geometry near tHe'M 2 85A of the equivalent CeLi distance in bulk LiCoQ; in
ion and the magnet.ic moment at this site is 1E3(M=Co) LiNiO, the average B —Li distance is 2.72A, compared
or 0.054g (M=Ni), similar to those for the hole polarond?  yith 2:89A of the equivalent Ni-Li distance in the bulk. L,

is thus a complex of;; andn™ with a binding energy of 1 yhe other hand, can be regarded as a complexpf and
0.40 eV (M=Co) or 0.45 (M=Ni). This defect structure also N with the distance between the two defects being 276
suggests that for each Li atom removed from LiM¢thodes, (M=Co) or 2 92A (M=Ni). The binding energy of Lj, with
e.g., during delithiation, the material is left with one negativ respect to Lﬁ,( andn* is 1.36 eV (M=Co) or 1.01 eV (M=Ni).

et o SV, 5 acomploxcff anatvon”, wih ot
L PR 9y gurs ing energy being 2.23 eV (M=Co) or 1.63 eV (M=Ni). Among
Li;", created by adding L into the system. The addition of he lithi 5 h lculated f ; of L
Li™ to a Li layer results in a significant rearrangement of thet[ e.'t lum antisites, the calculated formation energy Ry
in LICoO, can be as low as 0.89 eV and that of Lin LiNiO,

o . X . .
L'. n that layer with gt least two Ei moving away from their can be as low as 0.68 eV, the values obtained at points A ana
original octahedral sites and toward the tetrahedral.sBes B in the chemical potential diagrams in Figs. 3(a) and 3(b).

cause of this large rearrangement’ hias a rather high forma- N o . o
tion energy, 2.253.19 eV (M=Co) or 1.441.99 eV (M=Ni). Transition-metal antisites M are created in a similar way
With that high formation energy, lithium interstitials anet Y replacing Li at a Li site with M. We find that in [{l the
likely to form in LiCoO,, which is consistent with experi- tranS|t|qn metal is stable as high-spirfMwith the cal_culated
ments where no extra Li was found at the tetrahedral sites eveMagnetic moment of 2.68s (M=Co) or 1.70ug (M=Ni). The
in lithium over-stoichiometric Li,xCoO, (x > 0).8 calculated formation energy of Gois as low as 0.55 eVin
Other vacancies includéo, Vi, andVio,, created by re- LiCoO, and that of Nﬁ‘l is as low as 0.53 eV in LiNi§) see
moving O, M, and MQ units, respectively. The oxygen va- rable 3. For '\ﬁ we find that Céﬁ can be regarded as replac-
cancies can be stable &, Vg, andV2* whose formation iNg Li* with high-spin C_:8+ which has a calculated magnetic
energies are 2.08 eV or higher in LiCe@nd 1.43 eV or Mmoment of 3.13ug. This defec_t hag the form_atlon energy in
higher in LiNiO,. We find that some neighboring &oions the range %f 1.793.40 eV, which is mugh hlgher than that
of the oxygen vacancy in LiCogpossess an intermediate-spin ©f COfj- Nifj", on the other hand, consists of Nandn™,
(IS) state with a calculated magnetic moment of L3 as but thgse two defe(_:ts are not stable_ as a unit becagse of the
compared to Qug of low-spin C+ and 3.12ug of high-spin repulsive Coulomb mtgractmn; the bmdmg energ)ﬁanh
Co?*. However, with the high calculated formation energy in "eSPect to Ni; andn™ is —0.23 eV. Finally, M can be re-
LiCoO,, oxygen vacancies (and the associated 18'Gare ~ 9arded as a complex of andn ™ with a binding energy of
unlikely to form. This may explain why there has been no0-54 €V (M=Co) or 0.45 eV (M=Ni). We find the energy of
experimental evidence for the presence of oxygen vacanciddgh-spin Cg; is significantly lower than that of metastable,
in LiC00,.8 We note that the IS G3 has been proposed to 0W-spin Cqi, by 1.23, 0.92, 0.25, or 0.29 eV when charge
be present in associated with oxygen vacancies in Li-exces¥ate of the defectis 0, 1+, 2+, or 3+, respectively.
Li1xCoO, by Levasseuet al.” to explain for the observed Defect complexes. The defects presented above can be cav
paramagnetism. Several authors have also reported in thekgorized into elementary intrinsic defecesg(, n*, n—, ;.
theoretical works that the IS state can be stabilized either M/}, and Li,%/l*) and defect complexe&.g., VLOi) whose struc-
the bulk®26 or at the surfacé? however, these authors did not ture and energetics can be interpreted in terms of thoseeof tt:
comment on the energetics of the oxygen vacancy. Regardinigrmer. In addition to the polaron-containing complexes, w
the transition-metal vacanciegy can be stable ag{, Vi;,  also considered lithium divacancieBV;2~ consists of twd/,;
V,ﬁ,’, orv,a’ with calculated formation energies of 2.78 eV or on the nearest-neighboring sites. This defect has a c#dcula
higher in LiCoG, and 2.63 eV or higher in LiNi@Q Finally,  formation energy of 1.653.53 eV in LiCoQ or 4.79-5.91
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eV in LiNiO,. In both compounds, it has a negative binding
energy of—0.55 (M=Co) or—0.43 eV (M=Ni), indicating that
at the lithium concentration in our calculations the divama
is unstable toward its individual constituen®V? is a com-
plex of twoV,; and twon ™ with a binding of 0.99 eV (M=Co)
or 1.13 eV (M=Ni) with respect to its individual constitusnt
Its calculated formation energy is in the range of 331
eV (M=Co) or 1.62-2.74 eV (M=Ni). Other defect com-
plexes include M —Li,, and M},—V;. The antisite defect
pair is a complex of Ml Lif,[, andn™ with a binding energy
of 1.99 eV (M=Co) or 1.57 eV (M=Ni), and has a formation
energy of 2.34 eV (M=Co) or 1.19 eV (M=Ni). -V,;, on
the other hand, has a binding energy of 0.51 (M=Co) or 0.1
eV (M=Ni) and a formation energy as low as 0.59 eV (M=Co
or 1.23 (M=Ni). The structure and energetics of some of the:
complexes are summarized in Table 3.

071 LiCoO, 4 | ]
] =0= 1", a-axis
0.6 —e—1’, b-axis
] —O- 1, a-axis
0.5 —B—n, b-axis
< ] ==V, a-axis
L4 —o—V,, b-axis
5 ] - divacancy
2031
w o
0.2
0.1
0.0 ¥4

Reaction coordinate

We note that a defect complex is not necessarily stable askig. 6 Calculated migration barriers of small polarons and lithium

single unit, even if it has a finite, positive binding energya
a low formation energy; as discussed in R&fif the bind-

vacancies (via monovacancy and divacancy mechanisms) in LiCoO
and LiNiO,. In LiNiO,, the migration paths alora andb-axis are

ing energy is smaller than the formation energy of the conSlightly different and the migration path of the divacancy is not

stituents, entropy favors the formation of individual defe
Koyamaet al.2627 also reported the calculated formation
energies of intrinsic defects in LiIMO In their GGA#J cal-
culations,U=5 eV was used for both Co and Ni in all com-
pounds, and corrections for finite-supercell-size effectse
not included. Their results, assuming equilibrium with Qi

and Q gas at 627C and 0.2 atm, appear to indicate that hole

and electron polarons are the dominant defects in LiQoith
a formation energy of 0.68 eV, whereas’Nis the dominant
defect in LiNiG, with a formation energy of about 0.04 eV,

see Figs. S2(a) and S2(b) in the Supporting Information o
Ref.26. Given the same equilibrium assumption, which trans

lates into a set of the atomic chemical potentials that dgtua
corresponds a point between points B and C along the Li
line in Fig. 3(a), our calculations show that™ andn~— are
the dominant defects in LiCo{but with a calculated forma-
tion energy of 1.27 eV. In LiNiQ, the mentioned assumption
translates into a set of atomic chemical potentials comedp
ing to a point on the IO line in Fig. 3(b) but much higher
than point C and well beyond the region where LiNi® sta-
ble. In other words, the assumption that LiNi® in equilib-
rium with LioO and Q gas at 627C and 0.2 atm cannot be
realized. This explains why the results for LiNi@ported by
Koyamaet al. are qualitatively different from ours.

3.4 Defect migration

Migration of selected intrinsic point defects in LiM@vere in-
vestigated. For the electronic defects, the migration ahalls
polaron between two positiorg, andgg can be described
by the transfer of the lattice distortion over a one-dimenal
Born-Oppenheimer surfacé-76 To estimate the energy bar-

symmetric because of the Jahn-Teller distortion.

rier, we computed the energies of a set of cell configurations
linearly interpolated betweegn andgg and identify the en-
ergy maximum. For the ionic defects, the NEB metffodias
used to estimate the migration barrier for the lithium vagan
via a monovacancy or divacancy mechanism. In the monc
vacancy mechanism, the migration path of the isolateds

]calculated by moving a tfi ion from a nearby lattice site into

the vacancy. In the divacancy mechanism, the defect struc
ture DV,_zi* was used and the migration path of one of the two
lithium vacancies in the defect complex is calculated by mov

ing a Lit ion from a nearby lattice site into the vacancy.

Figure 6 shows the calculated migration barriers for the
small hole and electron polarons and lithium vacancies in
LIMO,. We find that the migration barriers of the polarons
are low: 0.10 and 0.32 eV for the hole and electron polarons ir.
LiCoO,, respectively, and as low as 0.21 and 0.26 eV for th=
hole and electron polarons in LiNiDsee also Table 3. For
the vacancies, the monovacancy mechanism gives rather hig"
barriers: 0.70 eV in LiCo@and as low as 0.56 eV in LiNi9
The divacancy mechanism, however, gives much lower bar:
riers: 0.18 and 0.26 eV for the lithium vacancies in LiGoO
and LiNiO,, respectively. We note that the migration paths
alonga- andb-axis in LiNiO, are slightly different and the mi-
gration path of the divacancy is not symmetric because of the
Jahn-Teller distortion. Our results for the vacancies Dd®,
are in agreement with those of Van der Ven and Ceder wherz
migration barriers of about 0.8 and 0.2 eV were found for the
monovacancy and divacancy mechanisms, respectiely.

This journal is © The Royal Society of Chemistry [year]
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4 Discussion from points C-F and their nearby regions in the chemical-
potential diagrams. Also, because of the difficulty in con-
It emerges from our results for LiCg@hat defect landscapes trolling the amount of volatile Li in the synthesis reaction
in this compound are sensitive to the atomic chemical potenpoints A and B and their nearby region most likely represeni
tials, i.e., the experimental conditions during synthesis. Atthe environments where one can obtain LiGaamples with
points A and B in the chemical-potential diagrashFig. 3(a), good electrochemical performance. This may explain why
which represent highly oxidizing, Li-excess (Co-deficjeam-  LiCoO, in commercial applications is often made deliberately
vironments, the dominant intrinsic point defects gre and  Li-excess? Our results can also provide guidelines for defect-
Lic,- These two defects have a relatively low calculated for-controlled synthesis and defect characterization.
mation energy (0.89 eV) and can exist a%c;,ia defect com- In light of the results for LiCo, let us re-examine a de-
plex of Li%g and twon™. With a binding energy of 2.23 eV fect model for lithium over-stoichiometric LiCoQvhich can
with respect to its individual constituents, and a formagm-  be realized in experiments by using a reaction mixture with
ergy of 0.92 eV, L@O is expected to be stable as a unit. At the Li:Co molar ratio of greater than ile,, in Li-excess (Co-
points C and D, the dominant defects arq‘_ﬁ(hndn*, which deficient) environments. This case is associated with the sc
have a formation energy of 1.20 eV (at C) or 0.96 eV (at D).nario obtained at points A and B in Fig. 3(a) as mentioned ear
The defect complex of Gpandn —, i.e, C(fi, is not expected lier. It has been suggested by several authors that the exces
to be stable as a unit because of its small binding energy (0.5Li © goes into the C¥' site, thus forming L@;, and the chem-
eV). At points E and F, the dominant defects ar¢,GmdV/; ical formula of the over-stoichiometric LiCo&an be written
which have a low formation energy (0.55 eV). These two de-as Li;, sC0,_50,_5, where L%g is charge-compensated by
fects may form as Go—V|;, a defect complex of Go and  oxygen vacancy3". The paramagnetism experimentally ob-
V; which has a formation energy of 0.59 eV and a bindingserved in this material is thought to be due an IS state éf Co
energy of 0.51 eV, although the complex is not expected to behat is associated with the oxygen vacaidéyOur studies,
stable as a unit. At point X, the dominant defectsiareand  however, show that the dominant intrinsic defects in thiseca
Vi » which have a formation energy of 1.15 eV. These two de-<should be L, andn*. Besides, oxygen vacancies and hence
fects may form a¥/3, a defect complex off ™ andV,; which  the associated IS €b are unlikely to occur in bulk LiCo®
has a formation energy of 1.90 eV, but this complex is, againpbecause the vacancy formation energy is high. We suggest
not expected to be stable as a unit because of its small lgindinthat the chemical formula should be written ag l§Co;_ 502
energy (0.40 eV). Finally, the dominant defects could also b or, more explicitly, as [Li];,5[C0*],5[C0%"]1_35[0% 12
n* andn—, if the atomic chemical potentials correspond to where each l@; is associated with twgy* (i.e., Co*"), as-
a point between B and C along the,O line in Fig. 3(a), as  suming that there are no extrinsic defects (impurities)im t
discussed in Sec. 3.3. The two defects in this case, howevematerial. The presence of low-spin €oin our defect model
have a relatively high formation energy (1.27 eV). is consistent with experimental data reported by Hertd.,®

In the above mentioned defect scenarios, there are alwayafter their results have been corrected for an error in thg-ma
low-spin Cd ions (in form ofn ™) and/or high-spin Co™ (in netic moment calculation$ We note that the formation en-
form of n~) associated with the dominant defects in LIGOO ergy of oxygen vacancies can be lower at the surface or ir-
in addition to low-spin C&" ions. Our results are thus con- terface, given that the bonding environment there is less co
sistent with the fact that experimental studies of the mgne strained than in the bulk. In that case, oxygen vacancies and
properties always reveal localized magnetic moménts. the associated IS Gb ions may actually exist.

Cobalt antisites have been found in LiCp®amples, es- Regarding LiNiGQ, there are three major observations that
pecially those synthesized at low temperatitétowever, it can be drawn from our results. Firstly, LiNjQs less stable
should be noted that defect landscapes in Lico@ay not  than LiCoQ, as suggested by the chemical-potential diagrams
have a simple dependence on the synthesis temperature. ThmeFig. 3. Stoichiometric LiNiQ can only be stable at much
oxygen chemical potential, which is usually controlled vialower temperatures than stoichiometric LiCoOSecondly,
controlling oxygen partial pressure and temperature, $¢ ju n* andn~ are always the dominant intrinsic point defects
one of several variables that define defect formation easrgi and have a relatively small formation energy (0.51 eV), inde
and thus concentrations. Other variables include Li and Cgendent of the atomic chemical potentials. This indicdias t
chemical potentials, which involve theetual amount of Li  a certain amount of Ni ions in LiNiO, undergo charge dis-
and Co participating in the reaction that forms LiCoOn  proportionation: 2Ni* — Ni** + Ni?*, where Nf* and NF+
fact, we find that defect formation energies are sensitive tare stable in form ofy* andn~. Finally, nickel antisites N
the Co:Li ratio. Besides, when synthesized at lower temperhave a low formation energy, as low as 0.53 eV and only a¢
atures, some processes may be kinetically hindered. Qverahigh as 0.96 eV. This low formation energy is thus consistent
in order to avoid forming Co antisites one has to move awaywith the high concentration of Ni in the Li layers as reported
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in experiments>*1314These individual issues, separately or vacancies are most likely to be the charge-carrying defoets
in combination, must probably be responsible for the experi cause other ionic defects either have very high formatian-en
mental observations reported in the literature, whichudel gies and/or are expected to be immobile. From the calculate =
the difficulties in synthesizing LiNi@at high temperatures, formation energies and migration barriers for the polaims
the absence of long-range Jahn-Teller distortion and ntmgne lithium vacancies listed in Table 3, one can easily estirtiage
ordering, and the poor electrochemical performah&é1°-14  activation energies of the electronic and ionic condutési
Our results also suggest that tuning the synthesis conditio using the above formulae f@,. For example, the activation
would not remove the charge disproportionation from LipliO energy associated with™ in LixCoO; can be as low as 0.10
The concentration of nickel antisite defects can be redoged eV, which is the migration barrier af *; in nearly fully lithi-
e.g., synthesizing the material under the environments assocated LiCoQ, the intrinsic activation energy can be as low as
ated with points A and B in Fig. 3(b); however, even at these0.99 eV, which is the lowest calculated formation energysplu
two points the formation energy of Niin LiNiO, is still quite  the migration barrier ofy *, cf. Table 3. We find that the con-
low (0.96 eV), unlike in LiCoQ where the formation energy tribution to the electronic conductivity from hopping pf" is
of Co}'; can be as high as 2.08 e, Table 3. almost always dominant, except at point D in Fig. 3(a) in the
Let us now turn our discussion to the mechanisms for elecease of nearly fully lithiated LiCo®where the intrinsic acti-
tronic and ionic conduction. The electronic or ionic conduc vation energy associated witfT is lower than that associated
tivity o resulted from hopping of a defect X carrying chacge with n by 0.40 eV. In LiNiG,, n™ andn~— have comparable
can be defined as = gmc, wheremandc are the defect's mo-  contributions to the electronic conductivity.
bility and concentration, respectivefy.Let us assume that In nearly fully lithiated LiMO,, the calculated formation
contains both thermally activated and athermal defect@onc energy of lithium divacancies is very high, therefofg is ex-
trations. The athermal defects can bg,, pre-existing small pected to predominantly contribute to the ionic conduttivi
polarons or lithium vacancies, or those polarons and vaeanc The intrinsic activation energy associated with the difinsof
formed during delithiation. Eqn. (1) can then be rewritten a V| via a monovacancy mechanism can be as low as 1.25 c'v
(M=Co) or 1.43 eV (M=Ni), which is the lowest calculated
formation energy value plus the migration barrigr,Table 3.
In LiyMO3, on the other hand, the lithium vacancy concentra-
tion is high and vacancy agglomerates such as divacandies an
wherec, is the athermal defect concentration ads a pref-  trivacancies may become energetically favorable. Theanigr
actor. The mobility of the defects can also be assumed to bgon of lithium vacancies in this case is expected to occar vi

_Ef
cca+0c>exp<kBT>, (6)

thermally activated, so a divacancy mechanism, and the activation energy can then L
as low as 0.18 eV (M=Co) or 0.26 eV (M=Ni), which is the
m= rrbexP(kE'P) 7 (7)  calculated vacancy migration barrief, Fig. 6.
B

whereny, is a prefactor ané;, is the migration barrier. When 5 Conclusions

the athermal defect concentration is smal., at high tem- ) ) )
peratures and in nearly fully lithiated LiMQ the observed We have carried out DFT studies of the bulk properties anc
temperature dependence of the conductivity will be doneihat Intrinsic point defects in layered LiM£ using the HSE06

activation energy ric LiCoO, is stable in a large region in the chemical-potential

E.—Ef+Em, @) diagram, whereas the stability region of Jahn-Teller distb
LiNiO, is much smaller. LiNiQ without the Jahn-Teller dis-
which includes both the formation energy and migration bartortion is not stable toward competing-tNi—O phases.
rier. When the athermal defect concentration is lage., LiCoO, has a complex defect chemistry, resulting partly
at low temperatures and/or in partially delithiatedMD from the ability of Co ions to be stable in different charge
(x < 1), the contribution to the electrical conductivity will be and spin states. Different electronic and ionic defecth s
dominated by the athermal term in egn. (6), and the actiwatio small hole and electron polarons, lithium and transitiogtath
energy will include only the migration paite., E5 = Ep. antisite defects, and lithium vacancies can form with higi.
As mentioned in Sec. 3.3, our results indicate that intcinsi concentrations under different synthesis conditions. atob
point defects cannot act as sources of band-like electnoths a antisites can be eliminated by synthesizing LiGo@nhder
holes, and there are no (or negligible) free holes or elastro Li-excess (Co-deficient) environments. In the lithium ever
in LIMO,. The electronic conduction thus has to proceed viastoichiometric LiCoQ, negatively charged lithium antisites
hopping ofn* and/orn—. For the ionic conduction, lithium are charge-compensated by positively charged small (hole,
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polarons. Oxygen vacancies have high formation energigs ano
are thus not likely to form in the interior of the material.

In Jahn-Teller distorted LiNi§Q both small hole and elec-
tron polarons are always the dominant intrinsic point de-
fects and have a low formation energy, indicating that a cer4,
tain amount of Ni* ions undergo charge disproportionation.
Nickel antisites also have a low formation energy and hencé3
high concentration. Our results suggest that tuning théhgyn
sis conditions may lower the concentration of nickel atéssi
but would not remove the charge disproportionation. 15

Finally, we find that intrinsic point defects in layered casd 16
LiMO, cannot act as sources of band-like electrons and holeg/
and the materials cannot be dopear p-type. The electronic
conduction proceeds via hopping of small polarons, and thé
ionic conduction proceeds via migration of lithium vacasci 14
through either a monovacancy or a divacancy mechanism. In
LiCoO,, the activation energy associated with hole polarons20
can be as low as 0.10 eV, and that associated with lithium vaél
cancies can be as low as 0.18 eV. In LiNj@he lower limit of
the activation energy for hole polarons is higher (6-2128
eV) partly because of associated Jahn-Teller fluctuatiods a 23
0.26 eV for migration of lithium vacancies.
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