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Spinel-type LiMn,Oj is prone to lithium over-stoichiometry in which a certain amount
of lithium ions occupy the manganese sites.
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We report a first-principles study of defect thermodynanaiod transport in spinel-type lithium manganese oxide Li®ip

an important lithium-ion battery electrode material, gsitensity-functional theory and the Heyd-Scuseria-Etmaiescreened
hybrid functional. We find that intrinsic point defects inMm,O, have low formation energies and hence can occur with higt
concentrations. The electronic conduction proceeds viiping of small polarons and the ionic conduction occurs iaum
vacancy and/or interstitialcy migration mechanisms. Tital conductivity is dominated by the electronic contribat LiMn,0O,

is prone to lithium over-stoichiometrize., lithium excess at the manganese sites, and¥Mn“* disorder. Other defects such
as manganese antisites and vacancies and lithium ini@sstitay also occur in LiMgO, samples. In light of our results, we
discuss possible implications of the defects on the eleb&mical properties and provide explanations for the émpsartal
observations and guidelines for defect-controlled sysithend defect characterization.

1 Introduction on the bulk properties and lithium and small polaron migra-

tion,?>~3%except for some studies of defect energetics by Am-
Spinel-type LiMO,, a mixed-valent compound containing mundseret al.3° using interatomic potential simulations and
both Mr®* and Mrf* ions, has been considered as an alter-Koyamaet al. 3! using density-functional theory (DFT) within
native to layered LiCo®for lithium-ion battery electrodes as the local density approximation (LDAY First-principles cal-
manganese is inexpensive and environmentally benign contulations based on DFT have been proven to be a powerful toc
pared to cobalt in the layered oxidé. The material crys- for addressing electronic and atomistic processes insofd
tallizes in the cubic crystal structure of space grdt8Bm  comprehensive and systematic DFT study of intrinsic point
at room temperature but transforms into an orthorhombic odefects in a battery electrode material, for example, can pr
tetragonal structure at lower temperatures. In the cubds@h  vide a detailed picture of the defect formation and migra-
the Li* ions stay at the tetrahedral 8a sites of the cubic closetion and invaluable insights into the electrochemical gerf
packed oxygen array, whereas the Mrand Mrf ions ran-  mance3334 For LiMn,O,, such a study is quite challenging,
domly occupy the octahedral 16d sites. In the orthorhomypartly because standard DFT calculations using LDA or the
bic or tetragonal phase, the MMn** arrangement is be- generalized-gradient approximation (GGA¥ail to produce
lieved to be charge-ordereld? However, truly stoichiomet- the correct physics of even the host compound. LDA/GG/
ric LiMn,O, is hard to obtain in experiments and intrinsic calculations carried out by Mishra and Cedée.g., showed
electronic and ionic defects appear to occur at multipkickt  that LiMn,O, is a metal with a Mn oxidation state of +3.5,
sites®° In fact, LiMn,0, samples are often made lithium which is in contrast to what is known about LiM®, as a
over-stoichiometrici(e., Li-excess), intentionally or uninten- material with a finite band gap and mixed ftnand Mrf+
tionally.*>-2?The total bulk conductivity of LiMBO, has also  jons. The GGA-U method3”-38 an extension of GGA, can
been reported and thought to be predominantly from hoppingjive a reasonable electronic structure. However, sincéaae
of polarons??-2* A deeper understanding of these propertiesto assume that the transition metal has the same Hultbard
and observations clearly requires a detailed understgrafin  value in different chemical environments, the transfditgbi
the defect thermodynamics and transport. Such an unddrstanof GGA+U results across the compounds is low, making de-
ing is currently lacking. fect calculations become inaccurate.

Computational studies of LiMj©, have focused mainly
In this article, we present for the first time a comprehen-

Center for Computationally Assisted Science and Technology, North Dakota ~ SIVE stgdy of electronic and ionic defects in L'W4 using
Sate University, Fargo, ND 58108, USA. E-mail: khang.hoang@ndsu.edu a hybrid Hartree-Fock/DFT method. In particular, we used
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the Heyd-Scuseria-Ernzerhof (HSEG%$° screened hybrid
functional where all orbitals are treated on the same fgotin
The atomic and electronic structure and phase stabilith®f t

host compound and the structure and energetics of all possi-

ble intrinsic point defects were investigated; the mignatbf

mation energy of a defect X in charge stqtis defined as

E"(X9) = Eqot(X9) — Eqot(bulk) — > nifti +d(Ey + pe) +A7%,
I

@

whereE(X%) andE(bulk) are, respectively, the total ener-

selected defects was also explored. We find that defects iBies of a supercell containing the defect X and of a supeotell

LiMn,0, have low formation energies and hence can occugye perfect bulk material;

with high concentrations, and lithium antisites are the dom

nant ionic defect. On the basis of our results, we discuss thgt 0 K), andn;

Mn3+/Mn** disorder, electronic and ionic conduction, delithi-
ation and lithiation mechanisms, lithium over-stoichidrne
and possible implications on the electrochemical properti
Ultimately, our work provides explanations for the expegim

tal observations, guidelines for defect characterizagon
defect-controlled synthesis, and insights for rationadigie

of LiMn ,0,-based electrode materials with improved perfor-
mance.

2 Methodology

2.1 Computational details

is the atomic chemical potential
of species (and is referenced to bulk metals o ®olecules
indicates the number of atoms of spediéisat
have been addedy;(>0) or removed ifj<0) to form the de-
fect. L is the electronic chemical potential, referenced to the
valence-band maximum in the bulk,). A9 is the correction
term to align the electrostatic potentials of the bulk and de
fect supercells and to account for finite-cell-size effectshe
total energies of charged defeé&To correct for the finite-
size effects, we adopted the approach of Freysaildt.,*%-50

in which A% was determined using a calculated static dielec-
tric constant of 11.02 for LiMpO,. The dielectric constant
was computed following the procedure described in #ef.
according to which the electronic contribution was obtdine
in HSEOG calculations whereas the ionic contribution was ob
tained in GGAY withU=4.84 eV for Mn, taken as an average
value of Mr** (4.64 eV) and Mfi* (5.04 eV)>1

Our calculations were based on DFT, using the HSE06 hybrid In egn (1), the atomic chemical potentiglscan describe

functional 340 the projector augmented wave methtd'?
and a plane-wave basis set, as implemented in the VAS

code*3*5Point defects were treated within the supercell ap-

proach, in which a defect is included in a finite volume of
the host material and this structure is periodically repeat
For bulk and defect calculations, we mainly used supercell
of LiMn,O, containing 56 atoms/cell; integrations over the
Brillouin zone were carried out using ax2x2 Monkhorst-
Packk-point mesh?® A denser,-centered 44x4 k-point
mesh was used in calculations to produce the electronic de

sity of states. The plane-wave basis-set cutoff was set@o 50

eV. Convergence with respect to self-consistent iterativas
assumed when the total energy difference between cycles w.

less than 10* eV and the residual forces were less than 0.01

eV/A. In the defect calculations, which were performed with
spin polarization and the ferromagnetic spin configuratibe
lattice parameters were fixed to the calculated bulk valués b
all the internal coordinates were fully relaxed.

2.2 Defect formation energies

as

experimental conditions and are subject to various theymod
Ramic constraint$*48The stability of LiMn,O,, for example,
requires

HLi + 20 + 4o = AH T (LiMNn 204), @

WhereAH is the formation enthalpy. There are other con-

straints imposed by competing-£Mn—0O phases. By taking
into account all these thermodynamic constraints, one ean d
termine the range of Li, Mn, and O chemical potential values

n-

in which the host compound LiMi©, is thermodynamically
stable. The oxygen chemical potentjad, can also be related
to the temperatures and pressures through standard thgrmod
amic expressions for Qyas32 Finally, the electronic chemi-
cal potentialu, i.e., the Fermi level, is not a free parameter bu.
subject to the charge neutrality condition that involvépas-
sible intrinsic defects and any impurities in the mateffat®

The concentration of a defect at temperaflis related to
its formation energy through the expressidn

n

f

E)7

keT

C= NsitesJ\lconfigeXp( ©)

The key quantities that determine the properties of a defeatvhereNsjies is the number of high-symmetry sites in the lat-
are the migration barrier and formation energy. In our cal-tice per unit volume on which the defect can be incorporated.
culations, the former is calculated by using climbing-i@ag Nconrig is the number of equivalent configurations (per site).
nudged elastic-band (NEB) methddthe latter is computed andkg is the Boltzmann constant. Strictly speaking, this ex-
using the total energies from DFT calculations. Followihgt pression is only valid in thermodynamic equilibrium. Mate-
approach described in Réf.and references therein, the for- rials synthesis, on the other hand, may not be an equilibriun.
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Fig. 1 Supercell model for spinel-type LiMI®, after structural Energy (eV)
optimization. Large gray spheres are Li, medium blue (yellow)
spheres are Mit (Mn*t), and small red spheres are O. Fig. 2 Electronic density of states of LiM®, in antiferromagnetic

(blue curves) and ferromagnetic (red curves) spin configurations.
The zero of energy is set to the highest occupied state.

process. However, even in that case the use of the equitibriu

expression can still be justified if the synthesis condgiare

close enough to equilibrium. Besides, as discussed irfgef.  Among several different Mt /Mn** arrangements we in-
the use of eqn (3) does not require that all aspects of the pr(yestigated, the described model is found to have the lowest
cess have to be in equilibrium. What is important is that theenergy. It is lower in energy than the second-lowest energ’
relevant defects are mobile enough to allow for equililorati  Mn*"/Mn*" arrangement by 0.06 eV per formula unit (f.u.),
at the temperatures of interest. It emerges from egn (3jithat  and the LiMnO, supercell where every Mn ion has an oxida-
fects with low formation energies will easily form and occur tion state of +3.5 by 0.47 eV/f.u. Our results are thus censis
in high concentrations. tent with experimental reports showing a transformatidn in

a tetragonal or orthorhombic phase at low temperatures assc
ciated with charge ordering.? We use this structural model
for further studies of the bulk properties and for defect cal
culations (see below). Since the above mentioned global an 1
local distortions are relatively small, the atomic posigan

We began with a cubic supercell of LiM®, (space group this model will be nominally referred to using the Wyckoff
Fd3m, experimental lattice parameter= 8.24 A), 2 consist- ~ positions of the cubic structure.

ing of 8 Li atoms at the 8a sites, 16 Mn atoms at the 16d sites, Figure 2 shows the total electronic density of states of
and 32 O atoms at the 32e sites; the interstitial 16c sites areiMn,0,. An analysis of the wavefunctions shows that the
left empty. After structural optimization, this cubic cathins-  valence-band maximum (VBM) predominantly consists of the
forms into a tetragonally distorted cell with=c=8.34Aand  3d states from the M sites, whereas the conduction-banc
b=8.11A; see Fig. 1. The ordering of Mi/Mn** is visi- minimum (CBM) are predominantly the 3d states from the
ble in the relaxed structure. If viewed along the [101] direc Mn** sites. The Li 2s state is high up in the conduction band,
tion, the atomic arrangement follows an-B8—C—... pattern indicating that Li donates its electron to the lattice and be
with layer A consisting of MA* chains, B of Li" chains and comes Li". LiMn,O, thus can be regarded nominally as an
Mn3+/Mn**-alternating chains, and C of Mh chains. The ordered arrangement of tj Mn3*, Mn**, and G~ units.

Mn ions are stable in high-spin states with calculated magThe calculated band gaps are 2.12 and 2.42 eV for the ferro-
netic moments of 3.7f8g (Mn3+) and 3.04ug (Mn**). There  magnetic (FM) and antiferromagnetic (AFM) configurations,
are six M+ —O bonds with similar bond lengths (1.85.93  respectively. In addition to the spin configurations, we find
,&), four short Mr#*—O bonds (1.921.985\), and two long  that the calculated band gap of LiMQ, also depends on the
Mn3*—0 bonds (2.208). The local distortions as seen in Mn3/Mn** arrangement. For example, our calculations us-
Fig. 1 are thus due to Jahn-Teller effects associated wih thing a smaller, 14-atom cell of LiyO,, which also relaxes
Mn3* jons. to a tetragonal structure but with a different f#tiMn** ar-

3 Results

3.1 Bulk properties

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |3
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Fig. 3 Chemical-potential diagram at 0 K for LiM®,. Only the Fig. 4 Calculated formation energies of intrinsic point defects in

O, gas phase and the LMn—O phases that define the stability LiMn ,O,, plotted as a function of the Fermi level. The energies are

region, here shown as a shaded triangle, are included. obtained at point B in Fig. 3. In the absence of extrinsic charged
impurities, the Fermi level is gte = ug“, where charge neutrality is
maintained.

rangement, give band gaps of 1.77 and 1.92 eV for the FM

and AFM configurations. samples often contain M@, and/or L,MnO;, as impurity
Experimentally, Rajat al.> reported an optical band gap phases.”:5":58 Strobel et al.12 also reported that annealing
of 1.43 eV from ultraviolet-visible spectroscopy for nang: LiMn,O, under oxygen pressures in the range-G2tm at
talline LiMn,O, powders with a nominal composition of 45¢°C resulted in Mn atoms being expelled in form of M.
Lio,gganOz;. Kushida and Kl,ll’iyarnéf1 on the other hand, Li5|\/|n7016' which can be rewritten as HaManaO4 (a -
observed two optical absorption peaks associated with d .25), is also closely related to LiM@,. In fact, in the
transitions at about 1.63 and 2.00 eV in Lib@y thin films | j_Mn—0 phase diagram, itis located on the tie-line between
on silica glass. The discrepancies in the experimentakgalu | imn,O, (a = 0) where the average Mn oxidation state is

suggest that the band gap value is sensitive to the quality of3 5 and LiMn:O,, (a = 0.33) where all Mn ions have the
the LiMn,O, samples, which in turn depends on the synthesigyxidation state of +4.

conditions. This obviously complicates the comparison be-

tween the calculated and measured bulk properties. ,
3.3 Defect structure and energetics

32 Chemical-potential diagram Figure 4 shows _the _caIcuIated fprmation energieg, of low-

energy defects in LiMyO,, obtained at point B in the
Figure 3 shows the atomic chemical-potential diagram forchemical-potential diagram. These defects include hgte) (
LiMn,0O,, constructed by exploring all possible-tMn—0O and electron 1§ ~) polarons, lithium vacanciesv(j), inter-
phases available in the Materials Project dataasghe sta-  stitials (Li), and antisites (jin), and manganese vacancies
bility region of LiMn,O, in the (u.;, uvn) plane is defined (Vun) and antisites (Mpn). The formation energies are plot-
by Mn, 05, Li,MnO;, and LMn,0;¢. The calculated forma- ted as a function of the Fermi levgt, with L varies from the
tion enthalpies at 0 K of tetragonal LiM®,, orthorhombic ~ VBM to CBM. As mentioned earlier, the actual position of the
Mn,0,, monoclinic LLMNnO,, and orthorhombic IiMn;O,s  Fermi level of the system is determined by the charge neutra
are, respectively—13.89 eV,—10.09 eV,—-12.30 eV, and ity condition. In the absence of electrically active impies
—54.39 eV/f.u. For comparison, the experimental forma-that can shift the Fermi-level position or when such impuri-
tion enthalpy of LiMnO, at 298 K is —14.31 eV/f.u®® ties occur in much lower concentrations than charged itrin
Points A, B, and C represent three-phase equilibria associdefects, the Fermi level is atM, determined only by the in-
ated with LiMn,O,. Point A, for example, is an equilibrium  trinsic defects®*-34With the chosen set of the atomic chemical
between LiMBO,, Mn,O,, and LiMn,O,¢. The presence potentialsy!™ is at 0.98 eV, exclusively defined by small hole
of these equilibria is consistent with the fact that Li)Dy polarons *) and negatively charged lithium antisitesgl.).

4|  Journal Name, 2010, [vol]l-11 This journal is © The Royal Society of Chemistry [year]
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We find that intrinsic point defects in LiMi®, have very low  andn™. Defects such a¥|;, as well asn™ andn~, are re-
formation energies and hence can occur with high concentregarded aslementary defects; the structure and energetics of
tions. Polarons and charged lithium and manganese aastisit@ther defectse.g., VS, can be interpreted in terms of these ba:
have positive calculated formation energies only near apdg  sic building blocks. We find that the formation energwﬁfis
Positively charged lithium interstitials (£) also have a nega- always lower than that of;. For lithium interstitials, Lj is
tive formation energy near the VBM. Before discussing thecreated by adding a tiion. The defect is energetically most
implications of these results, let us describe the defatts ifavorable when combining with another™Lion from an 8a
more detail. site to form a Li-Li dumbbell centered at the 8a site. This is
Small polarons. A hole (or electron) polaron is a quasi- in contrast to what has been commonly assumed that lithium
particle formed by the hole (electron) and its self-induted  interstitials are most stable at the 16c sites. The energyein
cal lattice distortion. The creation @f* involves removing dumbbell configuration is lower than that at the 16c site by af
an electron from the VBM which is predominantly fn3d  least 0.15 eV. Finally, [% created by adding a Li atom, is a
states. This results in a Mh ion at one of the Mf™ sites,  complex of Li" andn~ with a binding energy of 0.52 eV.

i.e, alocalized hole. The local lattice geometry near the newly Among the manganese vacanci‘e.‘,é‘ i e. the removal of
ny >

formed Mrf+ ion is slightly distorted with the six neighboring a M+ ion, is the elementary defect. Other defects such as

O atoms moving+tovyarq the Mjﬁ. The average MrO bgnd V,\ﬁ;, Vi, OF V'an are complexes of/ﬁ; and, respectively,
length at the MAt site is 1.92A and the Jahn-Teller distor-

) ) S ! one, two, or three)™. Vﬁn is found to be the lowest-energy
tion vanishes at this site. The formation pf, on the other manganese vacancy configuration, suggesting that it is mor=

hand, corresponds to adding an electron to the CBM, whichy,oraple to form a manganese vacancy when it is surrounde
is predominantly Mfi* 3d states, resulting in a M ion at by Mn*" ions. The removal of manganese from the ¥n
one of the Mri* sites,i.e, a localized electron. The local gjie costs less energy than from the Mrsite; the formation
geometry near the newly formed I@fhmn is also distorted,  gnergy difference is about 0.20 eV or higher. Regarding the
but with the neighboring O atoms slightly moving away from oxygen vacancies, the removal of aA Gon does not lead to
Mn3*. At this Mn*" site, there are four short and two 10ng 5 yoid formed by the removed ion, often denoted/3s, but
Mn—0O bonds with the average bond lengths of 1.93 and 2.17 complex o2" and a hole-electron polaron paif{—n-)
A, respectively. Since the distortion is limited mainly ttet hereafter dengted a%Jr Clearlv.V2" is not stable as a sin-
neighboring O atoms of the resulted Rtnor Mn** ion, these ) % Y:Vo : .

gle point defect, and its formation is associated with some:

po\l/?/rofhsdct?]n tbtf] reg?rdfdt adsfsmalltpolar'%ﬂqs. tth | Mn®t/Mn** disorder. Other oxygen vacancies suclvgsor
e find that the ca cLiated formation energy ot the po arons\/g are complexes of5" and one or twa) . We find that the

is as low as 0.32 evi(*) or 0.47 eV §°), in which ™ is oxygen vacancies have much higher formation energies tha
always energetically more favorable. It should be noted tha Y9 9 g !

these are additionally formed polaroiis, they are consid- other intrinsic defects; their lowest value is 1.49 eV¥{rat

ered as “defects” as compared to the perfect bulk materiar(.)o'm C in the chemical-potential diagram. We also investi-

The self-trapping energies of* andn- are 0.82 and 1.02 gated manganese and oxygen interstitials and found thyat the

eV, respectively, defined as the difference between thedorm all have Very high form_at|on energies (abo_ut sevor h|gher),
. suggesting that these interstitials are not likely to fomthie
tion energy of the free hole or electron and that of the hole .
or electron polaror#* With these high self-trapping energies, material.
the polarons are very stable in LiM@,. This is not surpris- Antisite defects. Lithium antisites Liyn are created by re-
ing, given the consideration that half of the Mn sites in theplacing Mn at a Mn site with Li. L, i.e, Li* substituting
host compound can be regarded as being stable as hole pin®*, is an elementary defect. Other antisites such gs Li
larons (Mrf+) in a hypothetical all-MA" LiMn,O, and the o LiJ,, are complexes of £j, and, respectively, one or two
other half can be regarded as electron polarons®(fiin a  n*. Among all possible ionic defects in LiIMQ,, Lif\’,,n has
hypothetical all-Mf* LiMn ,0,. the lowest formation energy, as low as 0.11 eV. Figure 5 show,
Vacanciesand inter stitials. The formation of/; involves  the structure of 1§, where L§,,, is clearly seen surrounded by
removing a Li ion, which causes negligible disturbance in six Mn*" ions (.e,, n ) and six Li* ions. It should be noted
the lattice. V2 is, on the other hand, created by removing athat the twon * in the Lif,, complex are created together with
Li atom, which is in fact a Lf ion and an electron from a the LiZ,, in addition to those Mh" ions already present in
neighboring Mn atom. This results in a void at the site ofbulk LiMn,O,. We find that the energy cost for ion substitu-
the removed LT and a MA™ at a neighboring Mn site (orig- tion at the M site is lower than at the M site; the energy
inally a Mn®* ion). V2 is thus not the neutral charge state of difference is 0.26 eV or higher. Manganese antisites;Mne
a lithium vacancy but a complex &7 andn™. This defect created in a similar way by replacing Li at a Li (tetrahedral)
complex has a binding energy of 0.60 eV with respedfto  site with Mn. Mrﬁ is an elementary defect, in which the Mn

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |5
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Fig. 5 Structure of LY, the intrinsic ionic defect with the lowest
formation energy in LiMBO,. This neutral defect is a complex of
one negatively charged antisiteﬂ;li (large dark gray sphere) and
two small hole polarong™ (medium light yellow spheres).

ion is stable as high-spin Mn with a calculated magnetic
moment of 4.45u5. Other manganese antisites such agMn
or Mnfi+ are complexes of I\/m andn~ orn™. For compar-
ison, in layered LiIMQ (M = Ni, Co) the transition metal is
also found to be stable as high-spirfvat the Li (octahedral)
site 34

Defect complexes. In addition to the above defects, we
explicitly investigated hole-electron polaron pairg™n ),
antisite defect pairs (Ma—Liwmn), and lithium Frenkel pair
(Li;7—=V{7). The hole-electron polaron pair is formed by
switching the positions of a Mit and its neighboring M
ion. After structural relaxations, the pair distance is3240

Energy (eV)

Reaction coordinate

Fig. 6 Migration barriers of the small hole)(") and electronif~)
polarons and lithium vacancieg{) and interstitials (L) in
long-range charge-ordered LiM@,.

3.4 Defect migration

Figure 6 shows the migration barrierSy{) for the hole and
electron polarons and lithium vacancies and interstitials
LiMn,O,. All the migration barrier calculations were carried
out with thel” point only. The migration of a polaron between
two positiongy; andgz can be described by the transfer of the
lattice distortion over a one-dimensional Born-Oppenfegim
surface®® We estimate the energy barrier by computing the
energies of a set of cell configurations linearly interpadat
betweenq; and g, and identify the energy maximum. The
migration barrier ofn* andn~ is found to be 0.46 eV. For
comparison, Ouyangt al.?’ reported a migration barrier of
0.35 eV for polarons in LiMpO,, obtained in GGA-U cal-
culations withU = 4.5 eV.

This defect pair has a formation energy of 0.37 eV and a bind- For lithium vacancied/;, we find two distinct migration
ing of 0.54 eV. The antisite pair is created by switching thepaths with barriers of 0.19 eV (path;)and 0.47 eV (path

positions of a Li atom and its neighboring Mn atom. This ul-

timately results in a Mfj—LiZ,,—n* complex, in which the
distance from the manganese antisite to the lithium aatisit

V), calculated using the NEB methdd Both paths involve
moving a Li" ion from an 8a site to the vacancy (an empty 8a
site) through an interstitial 16¢ site. Here, moving & lion

2.92A and that from the lithium antisite to the hole polaron is in one direction is equivalent 4 migrating in the opposite
3.47A. This complex has a formation energy of 0.63 eV and adirection. The migration bottleneck is a Mn ring at the 16¢

binding of 1.76 eV. Finally, the lithium Frenkel pair is cted
by moving a Li" ion away from an 8a site to form a LLi
dumbbell with another Lfi ion. This results in &, at the 8a

site, consisting of six Mn ions in the plane perpendicular to
the migration path. In path )/ the Mn ring has four Mfi"
ions and two MA* ions, whereas in pathMt has two M+

site and a L'T. After relaxations, the distance between the va-ions and four MA" ions. We have also considered situations

cancy and the center of the dumbbell is aboutﬁ@((rhe pair

in which Li* ions migrate through a Mn ring that consists

is unstable toward recombination at shorter distances)s Thof three M ions and three M ions and find migration
pair has a formation energy of 1.85 eV and a binding energyarriers of 0.470.57 eV. An example of such situations is
of 0.30 eV. It should be noted that the formation energies ofvhen then* component of thb’g complex is kept fixed while
these three defect complexes are independent of the cHemidheV,; component of the complex is migrating.

potentials.

Lithium interstitials Lj" migrate through an interstitialcy

6| Journal Name, 2010, [vol]l-11
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mechanism involving concerted motion of three lithium ions Table1 Formation energies(") and binding energiesg) of

two ions of the Li~Li dumbbell and one ion that is next to the

intrinsic defects in LiMBO,. The formation energies are obtained

dumbbell. We find barriers of 0.12 eV for the migration path @t PoInts A, B, and C in the chemical-potential diagram

(hereafter called path) that goes through Mn rings all con-
sisting of four Mrf+* ions and two MA™ ions, and 0.49 eV for

the path (pathJ) that goes through at least one Mn ring that —
n

consists of two MA* ions and four MA* ions.

For comparison, Xu and Mer§ obtained from GGA-U
calculations withU = 4.84 eV lithium migration barriers of
~0.2-0.4 eV associated with Mri-rich rings,~0.6 eV with
Mn3*-rich rings, and~0.8 eV with Mn rings that have equal
numbers of MA* and Mr?t ions. The migrating species in
their calculations could be?, instead oV, like in our cal-

culations. However, it is not clear from their work how the LiZ_

two components of thb’g complex migrate relative to each

other. We note that, in our calculations, a lower bound on theti{,,

migration barrier of a defect complegg., VS or Liio, can be
estimated by taking the higher of the migration barrierd®f i
constituent$’!

We find that the tetragonal distortion has minor effects onMglLi*'-iMn
the migration barriers. For example, our calculations gisin Vrgn

cubic supercells that have the same volume and¥Mn*t
arrangement as the tetragonal supercells Wjyebarriers of
0.20 eV and 0.45 eV for paths;\and Vs, respectively, which

are almost identical to the values reported earlier. Howevevg*

in the presence of Mit/Mn** disorder and other lattice de-
fects, e.g., in lithium over-stoichiometric LiMa_4Liq]O4,

the lithium ions are not likely to encounter Mn rings that are

all Mn**-rich for the whole diffusion length, and the overall
migration barrier will therefore be determined by the highe
barrier segment. As a result, the hole and electron polaro
and lithium vacancies and interstitials, except the Iithiat
the octahedral 16d site (see below), all have an estimated
gration barrier of about 0.5 eV.

Finally, we investigated the migration of the'Lion that
is associated with the lithium antisite {4, cf. Fig. 5. The
energy barrier for L migration from the 16d site to one of

the six neighboring Li sites through a vacancy mechanism i

found to be 0.6-2.0 eV. With this higher migration barrier, the
ionis trapped at the 16d site and expected not be deintéedala
during charging.

4 Discussion

We list in Table 1 the calculated formation energies of ratev
point defects in LiMBO, for three different sets of the atomic
chemical potentials, corresponding to different sets efek-
perimental conditions. The chemical potential of oxyges,

is —0.15 eV,—0.42 eV, and-0.69 eV, respectively, at points
A, B, and C in the chemical-potential diagrarf, Fig. 3.

Defect E' (eV) Constituents Ep (eV)
A B C
032 0.32 045

n- 059 0.59 0.47

nt-n 0.37 0.37 0.37 nt+n- 0.54

VLg 092 1.28 1.33

A 0.64 100 1.18 V+n* 0.60

Li;" 1.23 087 0.82

Li? 1.30 094 076 Li+n- 0.52

L -V 1.85 1.85 185 Li+V; 0.30
1.30 1.30 1.31

Livn 0.32 032 046 %nm* 1.30
011 011 0.38 L, +2n" 1.82

Mn, 0.77 077 0.62

Mn), 092 092 065 Mj+n- 0.44

Mng" 1.02  1.02 1.00 Mp+n" 0.07
0.63 0.63 0.63 Mp+Lig +n* 1.76
311 347 351

Vi 1.80 216 234 Voo 4nt 1.63

Viun 1.03 1.39 171 Vg, +2n* 2.72

Vin 0.80 1.16 1.61 V. +3n* 3.27

o 242 215 215 Vi 4nt+n-

3 215 1.88 1.75 V§t+n-

V3 203 176 149 V5'+4+2n-

associated with higher temperatures and/or lower oxygen pa

"Fal pressures and/or the presence of oxygen reducing agent

For each set of the chemical potentials, the formation gnerg

Malues are obtained at the respective Fermi-level positiin

We find thatujent is at 0.98-1.11 eV, which is always away
from both the VBM and CBM. Most of the defects have a cal-
culated formation energy of 1.0 eV or lower, at least under ce

.tain conditions. They can therefore occur in the materih wi
%igh concentration.g., during synthesis. These defects, ex-

cept the mobile ones such as the polarons and lithium vacar -
cies, are expected to get trapped when the material is coolzz
to room temperature. We also find that the formation energy
of the polaron paim*™—n~ is low, only 0.37 eV, indicating
that LiMn,O, is prone to Mi*/Mn** disorder. M —Liwn

also has a low formation energy, which suggests the presence
of cation mixing (see more in Sections 4.3 and 4.4).

4.1 Electronic and ionic conduction

Strictly speaking, each ionic defect in LiM@, has only one
stable charge state, which is also called the elementary de

Uo can be controlled by controlling temperature and pressuréect; oxygen vacancies do not even have any configuratior

and/or oxygen reducing agents. Lowes values are usually

that is stable as a single point defect, as mentioned earlie:

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-11 |7



Page 9 of 12 Journal of Materials Chemistry A

Removing/adding electrons from/to these elementary tfefec region where the activation energy includes both the foionat
always results in defect complexes consisting of the elemerand migration parts.
tary defects and small hole/electron polarons. Besidesrak
positively and negatively charged defects have positiveéo
tion energies only near midgagf. Fig. 4, making them per-
fect charge-compensators. Any attempt to deliberatelft shi The structure of the lithium \/acancylf)i in a battery elec-
the Fermi level of the system frop™ to the VBM or CBM  trode material often provides direct information on thettiel
will result in the charged defects having negative fornmatio ation mechanism. In LiMyO,, V2 indicates that for each Li
energies,i.e,, the intrinsic defects will form spontaneously atom removed from LiMgO, electrodes during delithiation,
and counteract the effects of shiftifg>* Clearly, intrinsic  the material is left with one negatively charged lithium va-
point defects in LiMBO, cannot act as sources of band-like cancyV,; and one hole polaron*; i.e, the extraction of Li
electrons and holes, and the material cannot be made n-type associated with the oxidation of Mhto Mn**. The dein-
or p-type. The electronic conduction therefore proceeds vitercalation voltagé* associated with the extraction of the first
hopping of small hole and electron polarons. Regarding théithium, i.e,, the creation o¥/?, is 4.29 V. The partially delithi-
ionic conduction, lithium ions are the current-carryingsigs,  ated composition can be written as LiMn,04 (Here we ig-
which migrate via vacancy and/or interstitialcy mecharsism nore the pre-existing intrinsic defects which will be dissed
The activation energies for electronic and ionic conductio later). The lithium interstitial LY, on the other hand, provides
can be estimated from the formation energies and migratioinformation on the lithiation mechanism. For each Li atom in
barriers of the current-carrying defedts,= Ef +E,. Asdis-  serted into LiMBO, electrodes during lithiation, the material
cussed earlier, except for paths &d i which are unlikelyto  receives one positively lithium interstitial Liand one elec-
be realized in MA"/Mn**-disordered LiMBO,, the barriers  tron polaronn—; i.e, the Li insertion is associated with the
for the polarons and lithium ions are basically identiead.5  reduction of Mit* to Mn®*. The partially lithiated compo-
eV. Therefore, the relative contribution of a defect or raigr  sition is Li;xMn2O4 (Not to be confused with lithium over-
tion mechanism to the total conductivity is determined excl stoichiometric Li,4Mnz_404 where the Li excess replaces
sively by the defect’s concentration. If the defect is predo  Mn at the 16d sites). Since there are no band-like carrier -
nantlyathermal, as it is the case for hole and electron polaronsn™ and n~ are the electronic charge carriers in the delithi-
in LiMn,O, and lithium vacancies in Li-deficient or partially ation and lithiation processes. Also, it is important toenot
delithiated Li_xMn,Qy4, the activation energy includes only that polarons and lithium vacancies/interstitials crédtem
the migration partj.e., Es = Em.2* The electronic activation delithiation/lithiation are not thermal defects.
energy is thus-0.5 eV,i.e, the barrier for polarons. In par-
tially delithiated Ly_xMn,Qg, the ionic activation energy is
also~0.5 eV, i.e, the barrier for lithium vacancies. In sto-
ichiometric LiMn,O,, however, lithium vacancies and/or in- Among all possible ionic defects in LiM©,, the lithium an-
terstitials have to be thermally activated; the ionic atin tisite Lif\’,|n is dominant. The defect has a formation energy
energy includes both the migrationQ.5 eV) and formation of 0.11-0.38 eV, depending the specific set of the atomic
(cf. Table 1) parts, which is estimated to be as lowdsl eV~ chemical potentials. For comparison, the calculated fermc
(1.3 eV) for the lithium vacancy (interstitialcy) mechamis  tion energy of the lithium antisite in layered LiCgGand
Clearly, the total conductivity is dominated by the elentco  LiNiO, is in the range of 0.922.73 eV (L& ) or 0.68-1.11
contribution. eV (Li%).3* The low energy of L,, can partially be as-

Experimentally, Fang and Chuffgreported activation en- gribed to the small differenceoin the ionic radii of'L{(0.76
ergies of 0.43 eV and 0.38 eV for electronic conduction inA) and high-spin MA" (0.65 A); for reference, the Shan-
LiMn,,0, below and above room temperature, respectivelynon ionic radii of six-fold coordinated, low-spin €o and
Other authors reported values of 0.4D44 eV2223 Regard- ~ Ni*™ are 0.55A and 0.56A, respectively®® Given Liy,, with
ing lithium diffusion, Verhoeveret al.%2 obtained an activa- that low formation energy, the synthesis of Lib®y, under
tion energy of 0.5-0.1 eV in the temperature range 34500  equilibrium or near-equilibrium conditions is expected¢s
K from “Li NMR experiments on Li[Mn ggLio04]O4. Takai  sultin a lithium over-stoichiometric compound with the com
et al.®3 reported activation energies of 0.52 eV and 1.11 eVposition LiaMn2_qO4 or, explicitly, Li(Mnz_qLiq]O4 or
for lithium diffusion in LiMn,O, below and above 60C, ex-  LiT[Mn3*5,Mnf,, Lig]O; . In this composition, each neg-
tracted from tracer diffusion coefficients measured by mgut  atively charged lithium antisite ﬁ{p is charge-compensated
radiography. The lower-temperature values are very close thy two hole polarong *, and the average Mn oxidation state
our estimated migration barrier. The value 1.11 eV at highis higher than +3.5;.e., Mn** is slightly more favorable than
temperatures could indicate that the system is in the Bitrin Mn3*. Since the Li ion at the octahedral 16d site gets trapped

4.2 Dedithiation and lithiation

4.3 Lithium over-stoichiometry

8| Journal Name, 2010, [volll-11 This journal is © The Royal Society of Chemistry [year]
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due to its lower mobility, it is unlikely to be deintercaldte sites for the formation of impurity phases during electeroh
during charging. Besides, LijMn 4Li4]O4 has only (- 3a) ical cycling.
Mn3* ions for the oxidation reactions. As a result, there will  Next, with a formation energy of 0.76L.23 eV, lithium in-
be residual lithium in the fully delithiated compound, bath  terstitials can also occur in the materialg., when synthe-
the 16d and 8a sites.e, Lij,[Mn3' Lij]OF . The theo- sized under conditions near point C in the chemical-paénti
retical capacity of LiMBO, will therefore decrease from 148 diagram,cf. Fig. 3. Lij" can be created together witf1, i.e,
mAh/g to 1481 — 3a) mAh/g. in form of Li® which results in the composition LjyaMn,04

Our results for LY,, thus explain why LiMpO, samples  (assuming no other defects). In this composition, the aeera
are often lithium over-stoichiometric. Martinezal.13found ~ Mn oxidation state is<3.5. This defect is unlikely to form
about 90% of the lithium ions at the tetrahedral 8a siteshrough the lithium Frenkel pair mechanisig, in combina-
and 10% at the octahedral 16d sites, confirming that theion with V|, because the r_’i—V,_‘i pair is either unstable or
Li excess replaces Mn at the 16d sites. Xia and Yo$hio high in energy. Experimentally, Berg al.1” reported that, in
seemed to indicate that stoichiometric Lib@y electrodes their Liy o Mny_qO4 (a = 0.14) samples, lithium ions occupy
are unstable toward the lithium over-stoichiometric on&e.  both the 8a sites with 100% occupancy and the 16c sites with
note that, as a consequence of the lithium over-stoichigmet 7.0% occupancy, and manganese ions occupy the 16d sites
and the likely random distribution of §i, the transfor-  with 93.0% occupancy. In light of our results for the lithium
mation from the MAt/Mn**-disordered, cubic phase to a interstitials, it would be interesting to re-examine thepées
long-range ordered, tetragonal/orthorhombic phase may nand see if some of the lithium is really stable at the 16¢ sites
be realized in practice, even at low temperatures. In factThe results of Bergt al. may also suggest the presence qf Li
there have been reports of the absence of the long-rangendVy, in form of a neutral Li—Vu, complex. However, we
charge order associated with the Jahn-Teller effect ifulith  find that this complex has a high formation energy (3920
over-stoichiometric i, ¢Mny_q04.1>19Kamazawaet al.,'®  eV), indicating that it is not likely to occur under equilitm
for example, observed only short-range charged-order itr near-equilibrium synthesis conditions.
Li11Mn1904. Regarding the electrochemical performance, Manganese vacancies can form when synthesized at lower
Li1+aMn2_qO4 samples have been reported to show a signiftemperaturese.g., at point A in Fig. 3 where the formation
icantly enhanced cycling stability compared to stoichitime energy of\/'\(/l)n is just 0.80 eVf. Table 1. Gummovet al.?®
LiMn,0,, although at the expense of capaciy’! The en- reported the presence of vacancies on both the 8a and 16d sit=
hancement has been attributed mainly to the suppression @ Li; ,Mn, 5,0, (0 < a <0.11) synthesized at tempera-
the Jahn-Teller effect on deep discharge. However, the presures between 400 and 60D, although they also acknowl-
ence of the residual lithium in the delithiated compouingl, edged that samples with a precise, predetermined compositi
Lig,IMn3",Li£]O5 ", can also help improve the cycling sta- were difficult to prepare. The cycling stability of this com-
bility, unlike in LiMn,O, where the complete extraction of pound was found to be inferior to that ofiliyMn,_y04.2°

lithium results in unstabl@-MnO; electrodes?® Finally, with a much higher formation energy (1.49.03 eV),
oxygen vacancies are expected not to occur inside the matr.
44 Other possible defects rial. This is consistent with experiments where no oxygen va

cancies have been fourtd:}* We note that oxygen vacancies
The manganese antisite ncan occur in LiMBO,, given  may still occur at the surface or interface where the lattice
its formation energy of only 0.620.77 eV. For comparison, vironment is less constrained than in the bulk. The fornmatio
the formation energy of Gpin LiCoO, is 0.55-2.08 eV and  of manganese vacancies, as well as lithium interstitiats an
that of Ni; in LiNiO, is 0.53-0.96 eV3* Mn/; can be cre- manganese antisites, is also expected to be more favorable 2
ated together with 271 andn*, i.e, in form of Mny; —Liyn the surface/interface than in the bulk.
with a formation energy of 0.63 eV, or withh—, i.e., in form Apparently, manganese antisites and vacancies and lithiur»
of Mn‘,fi with a formation energy of 0.650.92 eV,cf. Ta- interstitials can lead to inferior cycling stability androe
ble 1. Manganese antisites have also been observed in eghould be avoided. One can tune the synthesis conditions
periments. Bjrk et al.'! reported that 9% of the lithium ions  to reduce these defects in LiM@, samples. From our re-
at the tetrahedral 8a sites were substituted byMions in  sults summarized in Table 1, the best compromise could be 10
high-temperature synthesis. This is consistent with cgulte  synthesize the material under the conditions near point B ..
showing that Mfi; has the lowest formation energy at point C the chemical-potential diagram where there is a threeghas
which corresponds to a lowo value. If created in form of equilibrium between LiMgO,, Li,MnO; and LgMn;Ogg,
MnEi, the co-generation aof ~ will result in an increase in the cf. Fig. 3. The formation energy of the manganese antisitec
amount of the Jahn-Teller distorted Rfhions. Besides, we under these conditions is, however, still quite low (0.77.eV
speculate that manganese antisites may also act as nacleatiFurther reduction of the defects may thus require partiatly

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |9
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substitution that can significantly change the chemical-env 2

ronment and hence the defect landscape.
3

5 Conclusions 4

We have carried out a DFT study of the bulk properties and ®
defect thermodynamics and transport in spinel-type Lilij
using the HSEOG6 screened hybrid density functional. We find
that the tetragonal distortion of cubic LiM@, during struc- 7
tural optimizations at 0 K is associated with charge ordgrin
The compound is found to be thermodynamically stable and®
its stability region in the L Mn—0O phase diagram is defined
by the M, O3, Li,MnO,, and LEMn,0; ¢ phases.

Intrinsic electronic and ionic defects in LiM®, can form
with high concentrations. Several charged defects have pos1
itive formation energies only in a region near midgap, mak-
ing them perfect charge-compensators. The defects canndt
act as sources of band-like carriers and the material cannqt
be doped n- or p-type. The electronic conduction proceeds
via hopping of the small hole and electrons polarons and the4
ionic conduction occurs via lithium vacancy and/or intierst 15
tialcy migration mechanisms. The total bulk conductivisy i 16
predominantly from the electronic contribution. A ana$ysf
the structure of lithium vacancies and interstitials shdlwet
lithium extraction (insertion) is associated with the @tidn
(reduction) reaction at the Mn site.

Among the intrinsic ionic defects, lithium antisites are th 19
dominant defect with a very low formation energy. This low
energy is ascribed to the small ionic radius difference betw
Li* and high-spin MA". The formation energy of the hole-
electron polaron pair is also very low. Our results thus-indi 21
cate that LiMpO, is prone to lithium over-stoichiometry and 22
Mn3+/Mn** disorder. In the lithium over-stoichiometric com-
pound, there is residual lithium that is not deintercalataed
ing charging and can help improve the cycling stability. @th 24
defects such as manganese antisites and vacancies amahlithi 25
interstitials can also occur, under certain synthesis itiond,
but with lower concentrations than the lithium antisitesn A
elimination of the manganese antisites may require sigmific
changes to the chemical environmesgy,, through ion substi-
tution.
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