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We investigate the phase transformations of layeredolsNilo sO; at finite temperature with a combined
computational and experimental approach. The detailed changes in the ionic configurations with
temperature are investigated by Monte Carlo simulations on the basis of a coupled cluster expansion that
describes the dependence of the energy on the arrangement, &iti, and Mrf* in the lithium layer
and transition metal layer. First-principles energies in the GGARapproximation were used to fit the
Hamiltonian, as we find that GGAU better represents magnetic interactions than standard GGA. The
simulation results suggest two phase-transition temperatures at approximately 550 &@l 820w
the first phase-transition temperature, a structure with almost no Li/Ni disorder in the Li layer is
energetically favorable. Between the two temperatures, a partially disordered flower structure with about
8—11% Li/Ni disorder is found. Above the second phase transition, a structure that is more disordered
but still consistent with a/3 x /3 honeycomb model with-811% Li/Ni disorder is stable. The results
from these simulations are corroborated with DSC, TEM, and XRD measurements on a recently synthesized
LiNio.sMno 0, with negligible Li/Ni disorder.

Introduction characterizing the more detailed cation ordering has been
LiNiogMnosO,16 is an interesting material in both its difficult.®>*2-18 In addition, a significant dependence of

engineering and scientific aspects. The theoretical capacityStructure (and performance) on synthesis conditions exists:
of LiNiosMno<O, as a cathode material in rechargeable Li a small amount of Ni in the lithium layers is always observed

batteries is about 280 mA h g of which 200 mA h g? in materials synthesized with conventional solid-state pro-
can now routinely be achieved at low rafes.This is cesses at temperatures around-90000°C. In most cases,
considerably higher than what is achieved with conventional there is about 811% of such Li/Ni disorde?:!¢1>12 Some
LiCoO, (practical capacity about 150mAh/g). Moreover, !lterature syggests th_at Li/Ni d.|sorder tends to slightly
because LiNisMno <O, does not contain the rather expensive Ncrease with decreasing annealing temperédtifte.
cobalt, a reduction in cost for Li batteries may be realized The valences of Ni and Mn are observed to-b2 and
with this material. Other properties of the material, such as T4 respectively, both in computati$rand X-ray absorption
thermal stability and safety, have also been demonstrated toSPectroscopy*?* Thus, electrostatic interactions are likely
be better than those of LiCo®*
Although the rate capability of the material has generally (9 Eérgélfﬁggagigﬁgﬁ R'\;l::ie,rlz-:olag%oyﬁ-o'\él-: Ceder, G.; Croguennec,
been shown to be poor, recent structural modificafions (10) Kang. K.: Ghen, C. H. Hwang, B. J.: Ceder,Ghem. Mater2004
indicate that it may be possible to overcome them, making this 16, 2685.
material even more attractive as a new electrode material. (1) Deimas, C.; Fouassier, C.; Hagenmuler, fihysica B1980 99,
Much of the desirable properties are derived from the syner- (12) Arachi, Y.; Kobayashi, H.; Emura, S.; Nakata, Y.; Tanaka, M.; Asali,

getic combination of Mftt and N&*. Mn** is one of the '1I'7 Sakaebe, H.; Tatsumi, K.; Kageyama, $tlid State lonicR005
most stable octahedral ions and will stabilize the structure (13, |s|§r§,9§’,'|, S.: Davies, R. A.: Gale, J. hem. Mater.2003 15,
when Li is extracted, whereas Nican be fully oxidized to 1) ﬁSO- VS Ceder G- Grev C. P Y WS- Shao y
. : eng, Y. S.; Ceder, G.; Grey, C. P.; Yoon, W. S.; Shao-Horn, Y.
Ni4t, Fh_ereby compensating for the fact that Mrcannot Electrochem. Solid State Le2004 7, A155.
be oxidized 10 (15) Meng, Y. S.; Ceder, G.; Grey, C. P.; Yoon, W. S.; Jiang, M.; Breger,
i iti NN J.; Shao-Horn, YChem. Mater2005 17, 2386.
Although the average cation pps!tlons of L@W!’]o.soz (16) Van der Ven, A.; Ceder, GElectrochem. Commun2004 6,
form an O3-type layered structdtsimilar to that of LiCoQ, 1045.
(17) Breger, J.; Dupre, N.; Chupas, P. J.; Lee, P. L.; Proffen, Th.; Parise,
* Corresponding author. E-mail: gceder@mit.edu. J. B.; Grey, C. PJ. Am. Chem. SoQ005 127, 7529.
(1) Spahr, M. E.; Novak, P.; Haas, O.; NesperJRPower Source$997, (18) Kobayashi, H.; Arachi, Y.; Kageyama, H.; TatsumiJJKMater. Chem.
68, 629. 2004 14, 40.
(2) Ohzuku, T.; Makimura, YChem. Lett2001, 744. (19) Lu, Z. H.; Chen, Z. H.; Dahn, J. Ehem. Mater2003 15, 3214.
(3) Makimura, Y.; Ohzuku, TJ. Power Source2003 119, 156. (20) Lu, Z.; MacNeil, D. D.; Dahn, J. RElectrochem. Solid State Lett.
(4) Lu, Z. H.; Beaulieu, L. Y.; Donaberger, R. A.; Thomas, C. L.; Dahn, 2001,4, A200.
J. R.J. Electrochem. So2002,149, A778. (21) Yoon, W. S.; lannopollo, S.; Grey, C. P.; Carlier, D.; Gorman, J.;
(5) Lu, Z. H.; MacNeil, D. D.; Dahn, J. RElectrochem. Solid State Lett. Reed, J.; Ceder, GElectrochem. Solid State Le2004 7, A167.
2001, 4, A191. (22) Grey, C. P.; Yoon, W. S.; Reed, J.; CederE&ctrochem. Solid State
(6) Kang, K.; Meng, Y. S.; Breger, J.; et &cience2006,311, 977. Lett. 2004 7, A290.
(7) Reed, J.; Ceder, GChem. Re. 2004 104, 4513. (23) Reed, J.; Ceder, Glectrochem. Solid State Lef002, 5, A145.
(8) Reed, J.; Ceder, G.; Van Der Ven, Blectrochem. Solid State Lett. (24) Yoon, W. S.; Paik, Y.; Yang, X. Q.; Balasubramanian, M.; McBreen,
2001, 4, A78. J.; Grey, C. PElectrochem. Solid State Le#002 5, A263.
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with the honeycomb model, but has more long-range order
and can be considered as being a special case of the
honeycomb model. Understanding cationic arrangement in
this material is important, as the electrochemical lithiation/
delithiation process and the subsequent structural stability
depends on the initial structure as suggested from nuclear
magnetic resonance (NMR) and first-principles studbes.

In this paper, we present computational and experimental
evidence of a complex thermal disordering process: From
a zigzag-like state with no Li/Ni exchange at low tempera-
ture, the system undergoes first a phase transition to a

partially disordered flower structure with increasing tem-
F w q perature, followed by further disordering to a honeycomb

superstructure at higher temperature. Our experimental

verification of these computational results was made possible
by the availability of samples with very little Li/Ni disorder
obtained by ion exchange from NaMng 50,.5

L a d Computational Methodology

o) Calculations on various ordered arrangem®rits* were
performed in the generalized gradient approximation with
‘ > a > o > & Q Hubbard U correction to density functional theory (G&4).
‘ ‘ a Core electron states were represented by the projector
‘ ‘ o ¢ augmented-wave meth¥cs implemented in the Vienra

initio simulation package (VASPY. The PBE exchange

° ‘ u ‘ Q ‘ ‘ correlation and a plane wave representation for the wave-
n ‘ ‘ ‘ a a a function with a cutoff of 370 eV were used. The Brillouin
O o

T W W W W
A el

zone was sampled with a mesh including the gamma point.
) & 2 A 3 x 3 x 3 mesh was used for the flower configuration
Figure 1. (a) Transition metal layer (TM layer) ordering of the zigzag ~ Unit cell with 48 atoms, and for cells with different sizes, a
ztfucture- There TISh no Li éﬂsﬁgeLm! Cljé_iyerc-j (b) T'\8/|3|g/ye|_r _Ordhefigﬁ/l <|Jf the  mesh with similar density was used. The charge density was
ower structure. ere is 8.3% Li/Ni disorder, or 8.3% Li in the ayer. . - . . . . .
Legend: black, Mn; white, Ni; gray, Li. (c) TM layer ordering of the spin-polarized, Wl_th Mn spins a_llgned ferromagnetlcally_vylth
honeycomb pattern. Legend: dark greysites that can be occupied by Li other Mn and antiferromagnetically with Ni in the transition
or Ni; light gray, § sites that can be occupied by Ni or Mn. metal layer. The moment of Ni in the Li layer was aligned
) ) ) _ N ferromagnetically with Mn. These spin configurations are
to drive the ordering of Ni and Mn in the transition-metal-  gjmilar to those in the flower structuté The Hubbard U
rich layer (TM layer) to some extent. Four different structural ,5)ues in the Hamiltonian (5 eV for Mn and 5.96 eV for
models of the TM layer of LiNjsMnosO, have been  \j) needed to correct for the self-interaction error on
proposed by various theoreucalland gxpenmental investiga-ransition metals in DFF*have been calculated elsewliére
tions: (1) The zigzag structufein which Mn and Ni are  4n4 are consistent with our previous work on this system.
ordered in zigzag lines without any significant amount of 14 model partially disordered states at finite temperatures,
Li present in the TM layer (Figure 1a); 2) the flower structure e ysed the cluster expansion method. This methodology is
with a 23 x 2v3 unit cell that consists of concentric \ye|.established for alloy and has previously been used
hexagons of Mn and Ni around a central Li (Figure 1b); to study Li-vacancy disorder in k800,28 LiyNiO,,2 and
(3) the partially disordered honeycomb structure witt{3 LixNi. Mo 0,.16 The cation sites are described by a lattice
x /3 unit celt*in which the symmetry is broken between e with variables describing which atom sits on each
a Mn-rich and a Li-rich sublattice (Figure 1&)and (4) &  gjte. The essential idea is to expand the energy of the system
disordered model without any particular ordering between
Mn and N!'lg The ho”‘?ycomb model seems t_o matCh. most (27) Ceder, G.; Van der Ven, A.; Marianetti, C.; Morgan Nlodell. Simul.
of the available experimental facts well. In this experimen- Mater. Sci. Eng200Q 8, 311.

i (28) Van der Ven, A.; Aydinol, M. K.; Ceder, G.; Kresse, G.; Hafner, J.
tally propo'sed modéet! thg T™ layer is composed of two Phys. Re. B 1998 58, 2975,
types of sites:a and 8 sites. Thea sites are preferably  (29) de Dompablo, M.; Van der Ven, A.; Ceder, Bays. Re. B 2002
occupied by either Li or Ni, and thg sites are preferably 20 g?i E - Maxisch T Ceder ®hvs. Re. B 2006 97 155704
occupied by Ni or Mn. Thex sites are always the nearest E31§ B B e B aves 0 Tooes, 0 2008 97 '
neighbors to g site. The flower structure is commensurate (32) Kresse, G.; Furthmuller, Comput. Mater. Scil996 6, 15.
(33) Zhou, F.; Cococcioni, M.; Marianetti, C. A.; Morgan, D.; Ceder, G.
Phys. Re. B 2004 70.
(25) Yoon, W. S.; Balasubramanian, M.; Yang, X. Q.; Fu, Z. G.; Fischer, (34) Zhou, F.; Kang, K.; Maxisch, T.; Ceder, G.; Morgan, $nlid State
D. A.; McBreen, JJ. Electrochem. SoQ004 151, A246. Commun2004 132, 181.
(26) Breger, J.; Jiang, M.; Dupre, N.; Meng, Y. S.; Shao-Horn, Y.; Ceder, (35) Breger, J.; Meng, Y. S.; Hinuma, Y.; Kumar, S.; Kang, K.; Shao-
G.; Grey, C. PJ. Solid State Chen2005 178 2575. Horn, Y.; Ceder, G.; Grey, C. hem. Mater2006 18, 4768.




Phase Transitions in the LiBliMng O, System Chem. MaterC

in terms of these variables. A binaryernary coupled cluster Table 1. Difference in Energy in meV/FU between GGA and
expansioff was used in this work. Li and Ni were allowed GGA+U Approximations for Flower and Zigzag Structures
to occupy sites in the Li layer (binary disorder), whereas Li, GGA (AE) GGA+U (AE)
Ni, and Mn were allowed to occupy sites in the TM layer flower 0 (ground state) 26

(ternary disorder). Defining the site variableszas: 0 for zigzag 2 0 (ground state)

Li and 7 = 1 for Ni in the Li layer, ands = —1 for Mn, ¢
= 0 for Ni, ando = 1 for Li in the TM layer, the Hamiltonian NaCO; (>99.5%, Aldrich), Ni(OH) (99.3%, J.T. Baker) and
becomes Mn,O3 (>99.9%, Aldrich) followed by quenching to room-
temperature using copper plates. The powder was ion-exchanged
oredict o 2 int with 10 times the excess amount of the eutectic composition of
Ey*=C+ Y Vor + Y V(i ey + Z Z\/s LiNOs (99.98%, Alfa Aesar) and LiCl (99%, Mallinckrodt) at 280
! b LK S= °C for 5 h inair. After ion exchange, the mixture was rinsed with
22 i distilled water and ethanol several times, filtered to recover the
Lo s TM/ -\ s t i ,
(i, ))oit; + Z Z szt (i, J)ojoj + ZVL (i,J, Wrzm + powder, and dried in the oven. The full ion-exchange process was
W e repeated once more in order to complete the ion-exchange process.
i ik /it i i KorT, + \ine2 The SS-LI_Nb‘sM.n0,502 was prepared .by the mixed hydroxide
D FZ s (b1, Koym VAP method using LIOFH,O (98%, EM), Ni(NQ),-6H,0 (99.999%,
2 2 o h Aldrich), and Mn(NQ),*6H,0 (99.99%, Aldrich). A 25 mL aqueous
(,j,k oisajtrk + Z Z Z ZV;'\J(L i, k)oisgjtgz + e (1) solution of the transition-metal nitrates was slowly dipped into 200
& & & mL of a stirred solution of LiOH using a buret. The precipitate
was filtered out, washed several times with water, and dried in the
Here,V are the effective cluster interactions (ECI), and ©ven for a day. The dried precipitate was mixed with Li®HO
Vo specifically acts as a site energy of the Li layer sites. " St(;:"h'or;‘etr'zgg?o”goﬂs, and fprliesseg g‘to a pe':_et' Th%gg”et
The ECIVH, Vit andV™ represent, respectively, Li layer VaS heated at or 3 h in airfollowed by annealing at 90¢
. - . C for 12 h. The pellet was quenched to room-temperature using a
clusters, clusters that contain both Li and TM layer sites, copper plate
and TM layer clusters. The indicésj, andk are labels of ) L
. . T Heat treat t of IE-L d t 600, 800,
sites in the cluster, and the dummy indicgg, andu are eal freatment 0 INIsMno<O, was done a or

. . . 1000°C, followed by quenching in air. X-ray Diffraction (XRD)
used to distinguish the different ECI on the same cluster and patterns were recorded from the obtained powder using a Rigaku

are either 1 or 2. diffractometer equipped with GtK, radiation by step scanning
Although in principle the expansion of eq 1 has to be (0.01°/s) in the @ range of 16-80°. The structural information is
summed over all pairs, triplets, quadruplets, and larger obtained within theR3m space group using Fullpré.
clusters of sites, in practice relevant cluster interactions can Differential scanning calorimetry (DSC) measurements were
be selected on the basis of how well they minimize the conducted using a Perkin DSC7 machine. In this power-compen-
weighted cross-validation (CV) score, which is a means of sated calorimeter, platinum sample holders were used to avoid
measuring how good the cluster expansion is at predicting Possible contamination of the samples. The sample is heated from
the energy of a structure not included in theSfitThis room temperature to 700C with a heating rate of 20C/min.
amounts to neglecting the effect of configurational details  Electron diffraction patterns and transmission electron microscope
beyond a certain range on the energy. The cluster expansior(TEM) images were collected from both the as-prepared powders

was fitted to the energies of 183 different configurations of 2nd the powders after the DSC experiment. The powders were
Li Ni. and Mn. suspended on a copper grid with lacey carbon under an accelerating

. . . voltage of 200 kV on a JEOL 200CX or JEOL 2010 microscope.
Canonical Monte Carlo (MC) simulations were conducted g P

with this cluster expansion in cells of 2592 formula units
(2592 Li layer sites, 2592 TM layer sites). In general, 50 000
equilibrium passes and 100 000 sampling passes were used Comparison of GGA and GGA+U. To investigate the

at every temperature betweeir3 °C (200 K) and 1227C energy difference between structures with and without Li/
(1500 K). In the range near the phase transitions {477 Ni disorder, we calculated the energy of the flo¥feand

°C), 100 000 equilibrium passes were used to allow better zigzag* structures in the GGA and GGAU approximations.
equilibration. One sampling pass amounts to one possibleThese structures are chosen as representatives of states with

Results

perturbation of each site on the lattice. (flower) or without (zigzag) Li/Ni disorder. Table 1 shows
_ _ the energy differences between the two structures. Note that
Experimental Section the energy difference in the two structures is an order of

LiNi 9.gMno 5O, samples were prepared from ion-exchange- magmtude S_ma”e_r in GGA thanlln GGAU. This is
LiNisMnosO;) or by conventional solid-state reaction using a cpn5|stent with prior work, suggesting that'the flower and
coprecipitated double hydroxide® (SS-LiNipsMno<0y). As a zigzag structures are almost degenerate in the GGA ap-
precursor material for the IE-LilgMng 505, layered NaNjsMnosO» proximation® As we believe the GGAU is a more accurate
was prepared by solid-state reaction from a ball-milled mixture of description of the system (see Discussion), all energies used
for the cluster expansion fit were calculated with the

(36) Tepesch, P. D.; Garbulsky, G. D.; Ceder,Rbys. Re. Lett. 1995 GGA+U approximation.
74, 2272.

(37) van de Walle, A.; Ceder, G. Phase Equilib2002 23, 348.

(38) Lu, Z.; Dahn, J. RJ. Electrochem. SoQ001, 148 A237. (39) Fullprof available at http://www-IIb.cea.fr/fullweb/fp2k/fp2k.htm.
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Table 2. Values of ECI Used in MC Calculationg

Pairs (meV/FU)
Li layer pairs interlayer pairs TM layer pairs
cluster VLi11 cluster Vimn Vint21 cluster \VALUTY VM, = VM, VM,

2 107.5 5 —90.8 22.2 9 434.8 73.0 656.7

3 —6.1 6 —101.8 52.4 10 —24.6 7.2 1.2
4 —-32.3 7 18.7 11.0 11 155 14.2 31.0

8 -13.1 -1.2 12 71.3 -15.1 8.7

Triplets (meV/FU)
Li—Li—TM triplets TM—TM—TM triplets

cluster vintdy vintl, cluster VMg VM= VM5 = VM, VM0 = VTMy1p= VM9, VM2,

13 17.8 —-21.5 15 —25.0 25.8 -13.1 —61.3

14 30.8 —90.1 16 113.7 12.3 —45.1 —378.7

aPoint cluster: Vo= —452.6 meV/FU. Clusters corresponding to each number are shown in Figure 8.

- Li-Li- resentations in the cluster expansion, we refer the reader to
= "te"am /V\ M references 4042,

' In the MC calculations, the set of ECI in Table 2 is used.
ayerpai M ﬂ'\“ However, an additional penalty of 1 eV per pair is added to

i—Ni pairs in the Li | void Li/Ni ion i
AVAVM“YAVM"“AV {\rlle E Izserf, tl;]e::aisl,_e i?);s rvxfglfkr?owrl; g(pi?igr]r:i%?gl?ynthnat
v""‘ &/ NAV‘VAY“V vm there are no clusters of Ni in the Li layer. This penalty needed
v v vavm Av tp be gddgd becausg it was not possible to'accurately sample

N/ first-principles energies of structures that include NN-Ni
‘A‘ " \/ Ni pairs in the Li layer, as spin density integration revealed

/N
A“"" | g LkL ter that electrons did not localize properly on Ni for these
calculations because of their strong electrostatic repulsion.
vA'Av‘AA‘Y r"‘é'ATAA This is an indication that such configurations are very high
vv v\, % 13/ vmrﬁv in energy. The exact magnitude of the penalty is not
AAAAAAAA v .A'A important. As long as these configurations do not appear in
\/ \VAV;

Y v the simulation, they do not affect the value of the average
energy.
\A/ \A/ W \A/ MC Simulation. Figure 3a shows the thermally averaged
@ Litayer O TMIlayer above @ TM layer below energy as a function of increasing temperature in MC
calculations starting from either a zigzag structure or a flower
structure. Even though the flower structure has higher energy
Cluster Expansion In our cluster expansion, clusters were at low temperature, it does not transform to the zigzag
selected from a pool including all pair interactions up to configuration, indicating that the flower configuration is
seventh catiorrcation nearest-neighbor (NN) distance and metastable. However, the energy at low temperatures in a
triplets that contain pair clusters up to the third-NN distance MC calculation starting from the partially disordered flower
as subclusters. Pairs that span over three or more cation layerstructure (about 10 meV/FU) is significantly lower than the
and triplets that include only sites in the Li layer were ground-state energy of the perfect flower structure (about
removed. There are 1 empty cluster, 1 point cluster, 22 pair 26 meV/FU). This indicates that some change occurs in the
clusters, and 28 triplet clusters in the pool. From this pool, structure with essentially no kinetic barrier; the driving force
a set of relevant clusters and ECI were obtained, with a of such change will be further discussed later. The zigzag
weighted average CV score of 6.94 meV/FU and weighted structure undergoes a phase transition closk te 550°C.
root-mean-square error of 3.43 meV/FU. One formula unit Above this temperatur®,, the energies in MC simulations
(FU) consists of one lithium ion, one transition-metal ion, starting from flower and zigzag become the same, indicating
and two oxygen ions. The CV score may be thought as thethat the two initial phases end up in the same phase. An
prediction error. Because the energy difference betweenadditional phase transition occurs Bt~ 620 °C in both
flower and zigzag structures is 26 meV/FU (see Table 1), a sets of calculations.
CV score of about 7 meV can be considered to be small Figure 3b shows the thermally averaged heat capacity of
enough for this study. Table 2 shows the ECI obtained from the calculations. This heat capacity includes only the effect
this fit, and the clusters defining the interactions are shown

in Figure 2. Note that clusters including sites that can be (40 ’E\s"iggg?fic'isgo 8de Fontaine, D.; Wolverton, C.; CederPlys. Re.

occupied by three species (TM layer sites) need multiple ECI (41) Ceder, G.; Garbulsky, G. D.; Avis, D.; Fukuda, Rays. Re. B 1994
per cluster to independently represent the energy contribution 49, 1.

. . . 42) Inden, G.; Pitsch, WMaterials Science and Technology: A Com-
of each possible configuration on that cluster. For a more prehensie TreatmentCahn, R. W., Haasen, P., Kraamer, E. J., Eds.:

detailed discussions of ternary and higher component rep-  John Wiley & Sons: New York, 1991; p 497.

Figure 2. Clusters used in the cluster expansion.
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Figure 3. (a) Monte Carlo energy as a function of temperature. (b) Monte
Carlo heat capacity as a function of temperature.

15

—O—Heaiing flower structure|

g —*~Heating zigzag structure] Figure 5. Monte Carlo snap shot of (a) transition-metal-rich layer; (b)
5 10 | II:@-rich layer atT = 577 °C (850 K). Legend: black, Mn; white, Ni; gray,
a six Mn ions, which in turn are surrounded by a larger Ni
Z 5 ring. However, substantial disorder, such as LiMinrings,
a 4 Ni—Mn zigzag domains, and even a few MgNings, are

0k i R present. The presence of Li surrounded by five Mn and one

0 500 1000 Ni (as in a LiMrsNi ring) was observed in NMR spect?a.

Temperature [°C L .
P rel The ordering in the TM layer seems to correlate clearly with

the ionic occupation and ordering in the adjacent Li layers.
This point will be discussed further below.
of configurational entropy. The simulation that starts from  The cation ordering patterns in the MC simulations show
the zigzag structure shows two heat-capacity peaks and significant local charge imbalance in structures below T
T,, consistent with the two phase transitions observed in the When flower patterns exist, as shown in Figure 5a, there is
energy in Figure 3a. The heat capacity peak in the simulation a corresponding Z 2 ordering pattern of Ni and Li, as seen
starting from the flower structure shows only a single peak in Figure 5b, making this specific area excess in Ni. The
at To. MC snapshot of the specific Li layer in Figure 5b has a

Figure 4 shows the Li/Ni disorder, measured as the concentration of Ni that is a few percent higher than the
concentration of Ni in the Li layer averaged over 50 average Li/Ni disorder value in Figure 4, although the MC
snapshots of structures at each temperature. The snapshotsll as a whole is charge-balanced.
of the structures were taken at regular intervals (every 2000 As can be observed in a snapshot of the structure at 927
passes) during the sampling calculations. The Li/Ni disorder °C (1200 K; Figure 6), the Ni present in the Li layer disorders
of the zigzag phase is close to zero at the start of the aboveT; and no longer arranges inx2 2 patterns. Although
simulation; however, it increases te-9% at the first phase  the TM layer shown in Figure 6a apparently looks completely
transition aflf = T,. AboveT > T;, the Li/Ni disorder amount  disordered, the average site occupations correspond to the
seems to be independent of the starting configuration of the honeycomb scheme mentioned bef8r&Li and Ni positions
simulation, consistent with the results of the energy and heatseem to be uncorrelated in the Li layer, as shown in Figure
capacity calculations. 6b.

Figure 5 shows a snapshot of the structure at %750 XRD. Figure 7 shows the XRD patterns of L§NMngs0-
K), which is just above the first phase transition. Figure 5a obtained through ion-exchange from layered NaMing s0,
from the MC simulation is a good representation of the cation (IE-LiNigsMngs0,) and through solid-state reaction (SS-
arrangement in the TM layer at this temperature range LiNigsMnosO).6 The IE-LiNigsMng O, has a largelood/l104
regardless of the starting configuration. There are well- ratio (1.74 for IE-LiNp sMngsO, versus 1.26 for SS-LiNis
formed “flower” rings consisting of a Li ion surrounded by  Mn£0,) and well-defined splitting of (006)/(012) and (018)/

Figure 4. Calculated Li/Ni exchange between the Li and TM layers as a
function of temperature.
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§S-LiNi, Mn, O 260

X 052
a=2.8850(1) A Figure 8. (a) XRD spectra of IE-LiNisMng sO, after heating at different
temperatures. (b) Enlargement of area around the (006) and (012) peaks.

c=14.2820(4) A
Li/Ni=10.9%
structure, it will be compared to the result of MC calculations
starting from the flower configuration.

_a? (003) IE-LiNi__Mn_0, Figure 8 shows the XRD profiles of IE-LibiMngsO,
g a=2.8903(1) A after annealing at 600, 800, and 1000. It appears that
Q 6=14.3248(1) A major structural change has already started to occur at
= (104) Li/Ni=4.3% N ! :
—- (008)(012) 600°C, where the broadening of peaks and evolution of new
(018)(110) peaks are observed. We could not identify the new peaks,
' but because they appear only near the existing peaks from
T T T the layered structure, we suspect that they are from structures
10 20 30 40 50 60 70 80 that are closely related to the original layered one. The new
20 peaks around 2122° are similar to the ones observed when
Figure 7. Comparison of the XRD spectra of S8iNi g sMng 0 and IE- Li—Mng rings are present in the TM layer of a layered
LiNi 0.8Mino.s0z. structure?® At 800 and 1000C, well-defined sets of peaks

(110) peaks in Figure 7, which is believed to be an indication re-appear at the expense of the new peaks that arose at
of a more layered structufelhe Rietveld refinement of each 600 °C. Trace amount of these new peaks that occurred at
profile gives lattice parameters that are in good agreement600 °C still exist at 800°C. The evolution of the (006)/
with previous reports on those materiald:.1>192243 Trace (012) peaks, enlarged in Figure 8b, and the (018)/(110) peaks
amounts of NiO were detected in IE-LijMng sO,. Flower clearly shows that the layered characteristics reduce as the
ordering is driven by the presence of Li in the TM layer, as heating temperature increases. Rietveld refinement of the
it was previously shown that the ground-state ordering when profiles was attempted within tHe3m space group, except
Li/Ni disorder is prevented is the zigzag structétélence,  for the sample heated at 60C, for which peaks are not
we expect IE-LiNysMng 5O, with little or no Li/Ni disorder well-defined. Table 3 shows the refined lattice parameters
to be a system representative of what occurs to the zigzagand the amount of Li/Ni disorder for each sample. The
ordering in our MC simulation. Because SS-LjiMing 0, amount of Li/Ni disorder increases as the heating temperature
has an amount of Li/Ni disorder comparable to the flower increases, as expected. Also, ttfa ratio decreases with
temperature. This is fully consistent with the results from
(43) Reed, J.; Ceder, GElectrochem. Solid State LeR002 5, A145. heating the zigzag ordered structure in our MC simulation.
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Table 3. Rietveld Refinement Results on Li/Ni Disorder as a
Function of Temperature

T(°C) Li/Nidisorder (%) a(A) c(A) da R R

pristine 4.3 2.8903(1) 14.3248(1) 4.956 7.83 10.0
800 11.2 2.9009(1) 14.3406(1) 4.944 16.2 18.5
1000 14.7 2.9123(1) 14.3519(1) 4.928 151 7.74

IE-LiNiy zMn, 0,

The annealing of IE-LiNjsMnosO, at 1000°C shows a -
relatively high Li/Ni disorder of 14.7% and largeandc
lattice parameters. The reason for this is not clear yet, but it
can be related to a formation of a spinel-like phase, which
will be further explained in the discussion section. Due to =
the nature of the ion-exchange process, a small amount of
Li deficiency in the material may be present. Layered e 2(')0 : 3:10 : “'m : s;m : snlu : -nlm
structures with Li deficiency are known to be susceptible to E——
phase transformation to spirfeNevertheless, observable o o
peak splittings of (006)/(012) and (018)/(110) in the XRD T '9uré 9- DSC results of IE-LiNisMnosO, and SS-LiNosMno<O..
pattern of 1000C (Figure 8a) indicate that the majority of
the structure remains in a layered form.

DSC. Figure 9 shows the DSC data of two distinct ~ Magnetic Interactions in GGA vs GGA+U. Our com-
samples: 1E-LiNisMnosO; and SS-LiNisMno<O,. The putational results indicate a _S|gn!f|cant difference between
amounts of the two samples are similar, weighing ap- the GGA and GGA'U approximations for the ground state
proximately 10 mg each. An endothermic peak is clearly Of LiNIosVMnosO; (Table 1). Whereas in GGA the flower
seen in IE-LiNisMno <O, upon heating, indicating an equi- and zigzag structures are nearly c.iegenerate,. the zigzag
librium first-order phase transition around 600. The DSC gtructure is clearly t.h? ground state in (.EEEH' This is at
curve of SS-LiNgsMno <O, is relatively flat, showing no first somewhat surprising. We have previously demonstrated

o . _that the use of GGAU is critical to obtaining the ground
?r:gmflcant structural change in the compound upon heat state and phase diagram of mixed-valence systfigut

. _ LiNigsMnosO. has no mixed-valence transition-metal ions
TEM. Figure 10a and 10b shows TEM images of and Njand Mn are clearly-2 and+4 in GGAZ3

|IE-LiNi0sMnosO, before and after the DSC experimentin  \ye pelieve that the difference in energies of the zigzag

which the _samp_le was heated to 780. A_[er_)resentative and flower structures in the GGA and GGAJ approxima-
electron diffraction pattern from zone axislfflnex Of the  tions can be attributed to the difference in electron localiza-
IE-LiNiodMnosO, (Figure 10c) shows no superstructure tjon3 in hoth methods, which in turn affects the magnetic
intensities. It indicates that thé3 x /3 ane SUperstructure,  interactions. In GGA, excessive delocalization of the transi-
often observed in SS-LiNEMnosO;, is not present in IE-  tion metal 3 states onto oxygen leads to the overestimation
LiNiosMnosO,. This provides additional evidence that IE-  of superexchange effects. Because the particular ordering of
LiNi0.sMno O, has more characteristics of a layered structure the Ni and Mn ions in the flower structure benefits from the
with less Li/Ni disorder. The fundamental reflections and antiferromagnetic Coup”ng between the Ni in the Li |ayer
the zone axes are indexed to the parent hexagonal cell withand the Ni in the TM layer, the flower structure is more
rhomboheclra_l symmetry and space gr&8m. Figure 10d favored in the GGA approximatio¥d.

shows the [11]nex zone axis pattern collected from the IE- GGA+U reduces the hybridization between the transition
LiNi0sMnosO, sample after the DSC experiment. The two metals and oxygen thereby decreases the superexchange
most predominant features are the sextet of the (110) typecoupling. This effect shows up as a different magnetic ground
reflection and the doubling of the 12) type reflection in  state in the flower structure in GGA and G&AJ.* In both

the electron diffraction image, which suggest the formation theories, the Ni spin in the TM layer is antiferromagnetically

of & 2/3 x 2+/3 anex superstructure. The superstructure is aligned to the Ni spin in the Li layer. Nevertheless, wheras
consistent with the flower structure. The insert next to the in GGA the Ni and Mn spins in the same TM layer are
highlighted area in Figure 10d is the simulated ED pattern antiferromagnetically aligned, and all Mn spins are aligned
from the flower superstructure. The absence of certain ferromagnetically, in GGAU, Mn spin of adjacent TM
superstructure reflections in Figure 10d is suspected to belayers are aligned antiferomagnetically, implying that in half
due to minor stacking disorder of the ordered planes along of the TM layers, Ni and Mn spins are antiferomagnetically
Chex The bright-field (Figure 11a) and dark-field (Figure 11b) aligned, but ferromagnetically aligned in the other half of
images of IE-LiNpsMno 5O, after the phase transition clearly TM layers. The predicted magnetic remanence of the flower
show the phase boundaries between transformed and unstructure is 0.9%s/FU in GGA and 0.24«/FU in GGA+U
transformed material. The coexistence of two phases after
DSC run to 700°C is consistent with the XRD results of  (44) Hinuma, Y.; Meng, Y. S.; Kang, K.; Ceder, Gomputational
the samples annealed at 600 and 8@) which show Investigation of LiNiMn;,,0,, Presented at the Materials Research

Society Fall 2005 Meeting, Boston, MA, Nove 2Dec 1, 2005;
shoulders next to the (104) peak. Materials Research Society: Warrendale, PA, 2005.

SS-LiNig sMn 50, L —

Heat Flow Endo Up (A.U.)

Discussion
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b)

100nm

Figure 10. TEM images of IE-LiNbsMng 50, (a) before and (b) after phase transition, and (c, d) corresponding electron diffraction patterns. The insert next
to part d is a simulated electron diffraction pattern of the flower structure with one particular stacking. The simulation is done with CrystalMaker.

a)

Figure 11. TEM image after heating to 700C shows the IE-LiNjsMng 5O in the midst of a first-order phase transition: (a) bright-field and (b) dark-
field.

(effective magnetic moment for Riis 2.82¢g and 3.87p Driving Force for the Order —Disorder Transformation

for Mn*"). The experimentally observed remanence ofSS in the Flower Structure. The MC simulation shows the
LiNio.sMngsO,, which is likely to be close to the partially  energetically stable cation ordering in the LiNVIngsO.
disordered flower structure, is 0.4D.20 us/FU** Hence,  system as a function of temperature and reveals some of the
GGA+U may be a more proper description of the structural physics that drives the ordering. The flower structure can
energetics than GGA, especially when magnetic interactionspe considered to be a superstructure of the honeycomb
greatly affect the relative stability between structures. It may strycture. In the flower ordering, Li orders in/3 x 2+/3

also be noted that in the similarMnO; system, MA* ions patterns in the TM layer. This pattern can be mapped
in different TM layers interact antiferromagneticatfy. perfectly onto thex sites of the honeycomb pattern, which
Becausg of the better agreement with. experimental data OMhas+/3 x +/3 ordering. The central Li atoms in the flower
magnetism, we have used the energies from the G8A  q,cture occupy 1/4 of the sites, with Ni occupying the
ap_proxma’uqn n th_e cIu;ter.expansmn in this paper. The othera sites. Mn ions that occupy the six sites surrounding
spin magnetic .conflguratlon n refgreﬁ&was used in the Li are all located orf sites. Hence the transformation from
cluster expansion of GGAU energies. the partially ordered flower structure to honeycomb ordering
(45) Strobel, P.; Lambertandron, B. Solid State Chen1.988 75, 90. is an ordef-order transformation whereby Li and Ni disorder
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on the o sites. Several physical interactions seem to
contribute to the ordering into a flowerlike arrangement.
Flower ordering was previously shotfrto be the electro-
statically favored configuration of-1, +2, and+4 cations
on a two-dimensional triangular lattice describing the TM
layer. However, this by itself does not seem to fully capture
the energetics of the flower structure. The difference between
the GGA and GGA-U results points at the Nj—O—Niy;
superexchange between Li and TM layers as driving the
honeycomb ordering to further order into the flower arrange-
ment® When the spins on the Ni in the TM layer and Li
layer are aligned antiferromagnetically, the Ni 3d orbitals
can each hybridize with the same spatial (but different spin)
oxygen 2p orbital and delocalize onto the oxygen. This
interaction is consistent with the Goodenougtanamori
rules?” We have some evidence that this antiferromagnetic
interaction is crucial for the stability of the flower. When
Ni spins are forced to be ferromagnetic in GGA calculations,
the flower structure is not the most stable sttEurther-
more, flower patterns do not form without Li in the TM layer,
or in other words, without including Ni in the Li lay&t.A
similar case in which interactions that bridge an oxygen are Figure 12. (a) Flower _structur_e with emphasis on_the interaction across
. . e . layers. Of the 12 sites in the Li layer per flower unit, there are three sites

an important factor in the structural stability is the £iO— that have four Ni-Ni second-nearest neighbors. The Ni in the Li layer
Ni3*—O—Lig 180 interaction in LiNiQ,.484° prefers these sites. Legend: black, Mn; white, Ni; light gray, Li; dark gray,

As seen in Figure 5, the flower pattern in the MC Li/Ni sit_e;. (b) The _flower unit viewed_ in the spine! setting. Legend: light

. . - . . - gray, Li-rich 16c¢ sites; dark gray, Li-poor 16d sites. (c) Perfect flower
simulations is accompanled by a2 Orde”ng of Niin the structure. (d) Partially disordered flower structure with lower first-principles
Li layer. The stability of the 2« 2 pattern can be rationalized  energy than the flower shown in part c. Legend: black, Mn; white, Ni;
by looking at the flower structure in three dimensions (Figure 9ray, Li.
12a). The top and bottom layers show the flower patterns in
the TM layer. There are three sites for each flower unit in
the Li layer between the two layers (shown in dark gray)
that can have the maximum, or four,f\i-O— Niy; bonds.
Occupation of all these sites by Ni results ik2 ordering
of Ni in the Li layer, as is observed in the MC calculations.

The competition between the fi—O— Ni.; bonding and
local charge neutrality leads to frustration in the flower-
ordered LiNpsMng 5O, system. Complete 2 2 ordering of

Ni in the Li layer would lead to a local charge imbalance in : : :
. | 'ayerwou arge | ! understand the partially disordered flower structure is to look

regions that are perfectly flower-ordered in the TM layer. ) - . =
The solution to these competitive forces seems to be to createalt the structure in both the layer@8mand the spinefd3m

somewhat higher Li/Ni disorder than the 8.33% (1/12) of space group setti_ngs. !n LT'Li.CQQm _example ofalithiat_ed
the perfectly ordered flower structure. This additional Li/Ni spme_l-llkf materlalz Li occupies Efites and Co occupies
exchange creates more (less) Ni in the Li (TM) layer and as 16d sites? The rglatlons between the flqwer structgre. in the
such increases the number ofi-O—Niy; bonds that can layered and spinel space group settings are similar and

be formed. This is why more Li/Ni disorder is created (about depicted in F|ggre 12. Elgure 12b S.hOWS thg Iayere(_:i fI(?wer
. . . ._structure, but with the sites marked in the spinel setting: the
11%) in the MC simulations as soon as the temperature is

. . 0 . 0 .
abowe 0 K (Figure 4). However, increasing Li/Ni exchange ;Liﬁﬁ; |_s”\;olr;1peors§ dcg:iﬁeﬁftezssoa/ng §|2t5e go ;f;';%so/
leads to more Li in the TM layer flower sites other than the 16d sites They ossible ,\ﬁ sites in theOLi laver that creoate
core site of the flower. The Li in sites other than the core = Pe y .

) ) . . . more Nirpy—O—Ni.; superexchange bonds are labeled as Li/
site has higher site energy, as it is coordinated by only three .~ .~ " S

. . Ni sites in Figure 12a. Note that these Li/Ni sites correspond

or four Mn. Therefore, a Li/Ni exchange of-81% is to the Li layer 1@ sites in Figure 12b. The t6sites in the
observed as a balance of creating favorablg,NiO— Niy; Y 9 )

bonds and unfavorable Li sites in the TM layer. This may Li layer are unllkely to contalq NI, bgcause. these sites do
not have the maximum possible ANi—-O—Ni; superex-

(46) Ceder, G.; Meng, Y. S.; Gorman, J. P.; Hinuma, Y.; Shao-Horn, Y.; change bonds when the TM layer has a perfect flower
Grey, C. P.Ordering in LilNiLiys.20Mnos.0dO, Systems: Theory — grdering. The 16 sites in the TM layer (top and bottom

and Experiment2th International Meeting on Lithium Batteries, Nara, . “ "
Japan, June 27July 2, 2004; Electrochemical Society: Pennington, ayers of Figure 12b) correspond to the “core” of the flower

also explain why the Li/Ni disorder decreases with temper-
ature: As the flower structure partially disorders, the
frustration between the local charge balance and thg-Ni
O—Ni; bonding can be more easily resolved and requires
less additional Li/Ni exchange. Note in particular how the
Li/Ni disorder rapidly decreases in our simulation as the
partially disordered flower further disorders into the honey-
comb structure at about 62C (see Figure 4).

Partially Disordered Flower Structure. One way to

NJ, 2004. . A ; (the site surrounded by a Mn ring) and the six “corners” of
228 Esngg;%gtj‘é' ,F\’A.?%e%efm@ﬁgr'n%ﬁelrgo%g 15 63 the flower. Each corner is simultaneously a corner of three

(49) de Dompablo, M.; Ceder, G. Power Source2003 119, 654. flower motifs, so there are two corner sites for each core
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site. The core is Li and the corners are Ni in the perfect Such a phase transition from a low Li/Ni disorder phase
flower structure in Figure 12c. This means that out of the to a high disorder phase is indeed observed experimentally
16c sites in the TM layer, which amount to 25% of all 16¢c using both XRD and DSC/TEM, and together with the
sites, about 2/3 of them are occupied by Ni. As there is no simulation results paint a consistent picture of the phase
Ni in the 16& sites of the Li layer, in the flower model Ni  evolution of LiNigsMnosO,. According to the simulation
occupies 1/6 (16.7%) of the total 16c sites in the spinel results, IE-LiNpsMng O,, representative of a material with
setting. On the other hand, Li occupies 2/3 of thel $8es little or no Li/Ni site disorder, is probably the stable phase
in the Li layer in the flower structure. In fact, full occupation at low temperature and transforms to a partially disordered
of all 16d sites in the Li layer by Ni can happen with flower arrangement near 55€. The phasetransition tem-
relatively low energy penalty if the additional Li created in perature as observed by DSC measurement is aboltR@G00
the TM layer occupies only the tiGsites in the TM layer In DSC, the latent enthalpy obtained from peak integration
(“edge” sites). This exchange leads to the extreme case of aof the phase transition of IE-LilgMno 0, is about 1.2 kJ/
partially disordered flower structure as shown in Figure mol, but could not be accurately determined because the
12d: an ordered structure with all Li/Ni sites @)6n the phase transition is unfinished at 680 (some large particles

Li layer occupied by Ni. In the TM layer, Li occupies some are only partially transformed, as shown in Figure 11). In
flower “edge” sites (1@), maintaining charge balance of the  the MC simulation, the latent heat for this transformation is
system as a whole. This configuration has lower energy thanagbhout 1 kJ/mol, consistent with the DSC result.

the perfect flower.structure in GGAU calculations, but still . We also found in our MC simulations that the phase
higher than the zigzag structure because of unfavorable Litransition from zigzag to flower is not reversible upon

site occupa‘uotr;] |r_1n\;|hg r‘}l’;/lﬁs!f\yer. tlr?telilgstlngly, the Li cooling. Upon cooling, the values of the energy, heat
?hccuLpapc;]y ;’g: .‘f .'“f/(s l;f N orh € thl_occupanpy ?rr: capacity, and Li/Ni disorder closely track the values upon
€ Lne SHes 1S » aithough In this scenario, the heating the flower structure. Because zigzag is the thermo-

S : 0
Li/Ni disorder has mcrez_ased f_rom 8.33 to 25%. It can be dynamic ground state at low enough temperature, this can
clearly seen that the partially disordered flower structure has . T :

be explained only by a kinetic limitation. One possible reason

the; chara'\ctenstms Of both layered (witt/3b disorder) and for the irreversibility may lie in the extreme stability of the
spinel (with 1&/16d disorder) features. One example of such . " . :
Li in the transition-metal layer. Those Li ions are typically

a case is in the LiNiMnosO, sample annealed at 60C surrounded by five or six Mn ions, and this configuration is

by Lu et al* Rietveld refinement showed 16.1% Li/Ni e .
’ . . . very difficult to break up because of its favorable short-range
disorder between the Li and TM layers in the layered setting S . . o i
electrostatic interactions. This keeps the Li ions in the

and 17.4% Li/Ni disorder between Li-rich 16c sites and TM- o . .
transition-metal layer and prevents the formation of zigzag

fich 16d sites |r1.the spinel se.ttn‘iq. configurations. Such kinetic limitations observed in our first-
Phase Transitions As seen in Figures 3a, 3b, and 4, the yinciples MC simulations may be a representation of reality,

MC simulation clearly shows that upon heating of the zigzag pecause even slow cooling of LifdMno <O, samples from

structure, at a certain critical temperatufe, a phase above T never leads to low Li/Ni disorder.

transition occurs to the flower phase. Because the perfect

flower structure has higher energy at 0 K, it must have

achieved higher entropy than the zigzag structurg .athe d h t ition to the h b struct Th
entropy difference can be rationalized through the excitations uncergoes a phase transition o the ioneycomp structure. 1he
well-defined heat capacity peak in Figure 3b indicates that

available for both phases. The zigzag phase has fewer low- . i . .
energy excitation states compared to the flower phase. Thethls is a phase transition, rather than a gradual dlsorderllng
excitations observed in snapshots of the MC simulation from of th?_ rov_ver structure. We_were not able to study t_h|s
the zigzag phase are simple exchanges of Li and Ni betweeniransition in our DSC expenr_nent becf'iuse of the limited
Li and TM layers. But Li in the TM layer prefers to be temperature range and resolution of the instrument. However,

surrounded by all Mn, which is not possible when it occupies tNiS phase transition implies the existence of a possible
a Ni position in the zigzag structure. Breaking the zigzag intermediate phase between the ground state and the high-

ordering in the TM layer requires relocation of a large €Mperature disordered state of LiMnosOz, and may be
number of cations, which is difficult in MC simulations at & réason why some of the literature shows that the electro-
low temperatures. Therefore, putting Li in the TM layer of Cchemical behavior of LiNisMino sO; strongly depends on the

the zigzag phase carries a heavy energy penalty, because LProcessing temperatufé?

can at best be surrounded by four Mn. In contrast, in the The combined simulation and DSC data lead us to propose
flower phase, the majority of Li are surrounded by six Mn. the phase diagram in Figure 13. The temperatures included
In addition, in the TM layer the flower patterns can form are derived from the simulations. At low temperature, a
and disintegrate relatively easily in the honeycomb frame- structure with little or no Li/Ni exchange is the ground state.
work 2122 The honeycomb ordering guarantees that ne Li  Above ~550 °C, this structure transforms to a partially
Li nearest-neighbor pairs occur in the TM layer, which would disordered flower structure with regions of substantial Li/
come with a strong electrostatic energy penalty. Because ofNi mixing. At slightly higher temperature, arounes20°C,

the difference in excitations, the flower phase becomes stablethe flower structures disintegrate and partially disorder to
above a certain temperature where the zigzag phase cannahe honeycomb structure. Upon cooling, only the flower
tolerate much Li/Ni disorder. structure can be obtained.

In the MC simulation, upon heating above temperature
T, (~620 °C) the partially disordered flower structure
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4 Temperature the ground state of LiNigMng 0, in the GGA+U approach.

We discussed, with underlying physics, a model that points
out the phase transition upon heating in the kigMng 0,
system and propose a phase diagram as shown in Figure 13.

Honeycomb Zigzag ordering first transforms to a partially disordered
flower structure, which upon further heating transforms to a
Reversible disordered honeycomb structure. The cluster expansion and
~620°C —1— MC simulation of GGA+U energies match TEM, DSC, and
Partially XRD results along with previous NMR studi&sOnce cation
disordered . .
4 flower exchange between _L| and TM Iayers_ occurs an_d_Mn rings
~550°C I form around the Li in the TM layer, it is very difficult to
Irreversible break up the ring, which explains why states with low Li/Ni
Zigzag disorder cannot be obtained by cooling from high temper-

ature. Therefore, it is crucial not to heat low Li/Ni disorder
materials above a critical temperature at which Li/Ni
exchange would occur. The unusual ordering of this material
with temperature is due to the competition between electro-
statics and Niyv—O—Niy; hybridization.
Our work also illustrates how first principles modeling
Limitation of the Simulation . Finally, the limitations of ~ coupled with selected experiments can give insight into cation
our approach should be noted. Locally non-charge-balancedordering in complex materials such as LifVino sO,, which
structures appear easily in MC simulations of LgMine sO-, is a prerequisite to better understanding the strueture
for example, in Figure 5. Because of our short-range cluster Property relations.
expansion, the electrostatic repulsion of locally charged
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