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Local Structure and Cation Ordering in O3 Lithium Nickel
Manganese Oxides with Stoichiometry

Li [N, MN (o)L (1-24)/3] O2
NMR Studies and First Principles Calculations

Won-Sub Yoon2* Steven lannopollo? Clare P. Grey?* Dany Carlier,”
John Gorman** John Reed? and Gerbrand Ceder*

#Department of Chemistry, State University of New York at Stony Brook, Stony Brook,
New York 11794-3400, USA

bDepartment of Materials Science and Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA

Short-range ordering in [Ni,Mn_,3Li 12,310, was investigated withLi NMR and first principles structure computations.

NMR indicates that the tendency for Ni to replace Li in the Li* layers decreases with decreasing nickel content. Li in the
Ni/Mn layers preferentially occupies sites near Mrand avoids the Ni" ions, leading to nonrandom configurations. Calculations
indicate that the ground state of Li{fMn, 5O, contains zigzag rows of Ri and Mif* ions. Although a disordering tempera-

ture of approximately 1000 K is calculated, ordered fragments persist above the phase transition and these materials contain
significant short-range order, even when quenched from high temperature.

© 2004 The Electrochemical Society.DOI: 10.1149/1.1737711All rights reserved.

Manuscript received November 8, 2003. Available electronically April 26, 2004.

Layered ~ O3  lithium nickel ~ manganese  oxides ayer of Lii NixMn_sLi(1-243]O,, it strongly prefers to be sur-
Li[NixMn(z_y3Li (1-2513]O2, With the a-NaFeQ structure, have  rounded by Mn, leading to a much higher frequency of Livm-
recently been shown to be promising positive electrode materials foiironments than is expected from a random distribution of the
use in lithium-ion rechargeable batteries. Operating between 2 an@ations. In addition, we find that Li repels Ni in the transition
4.6 V, these materials give capacities of approximately 160-200metal layers.
mAhg .12 In theory, the material with x = 0.5 (i.e, ,
LiNi o sMn, £0,) is most attractive, because it has the highest theo- Experimental
retical capacity(280 mAh/g. However, in practice, the capacity and Three samples withx = 1/2, 1/3, and 1/10 were synthesized
polarization of this material depends on its method of preparationfrom stoichiometric quantities of coprecipitated manganese and
Makimura and Ohzuku obtained a rechargeable capacity of 20Gickel double hydroxides witfiLi-enriched (Aldrich) lithium hy-
mAh/g between 2.5 and 4.5%while Lu et al. obtained a capacity  droxide at 900°C for 24 h in @3 X-ray diffraction (XRD) con-
of approximately 140 mAh/g between 3.0 and 4.4 V for a material fiymed the lack of impurities and the formation of layered materials.
with the same nominal stoichiomethiThe different electrochemical  pq electrochemistry and diffraction patterns of the: 1/2 and 1/3
properties observed by these two groups may arise from dif'ferenceg(,jmm,es have been reported elsewHé&rfLi magic-angle spinning
in the local and long-range ordering of the’Nj Mn®", and Li"  (\jaS) NMR experiments were performed at 29.47 MHz on a
cations in the transition metal layers, and fronf Nsubstitution in ~ cMX-200 spectrometer, with rotor synchronized spin-echoes
the Li layers. In this articleLi MAS NMR spectroscopy and first (90°-r-180°+-acq (v = 1 rotor period and spinning speeds of 38
principles calculations were applied to investigate the nature of thgHz and were referenced to 1 M LiCl at 0 ppm.
cation ordering.

When multiple ions coexist on a common sublattice, as in the Calculation Methodology

transition metal sites of ENi,MN(;_ysli1-20,2]0;, the system All calculations were performed in the Generalized Gradient Ap-
can either phase separate or form a set of ordered compounds at Io¥¢oyimation to Density Functional theory, with core states repre-
temperature. In each case, at high temperature, a disordered solig,yieq by ultrasoft pseudopotentials, as implemented in the Vienna
solution exists, although in some materials, the temperature neede,gb Initio Simulation PackagéVASP).g The plane wave cutoff was

to reach disorder may be above the decomposition temperature ofqq o\ anck-points varied from 10< 10 x 6 for the one formula-

the Sofhdr'] In thj LﬂN'XEAn(ZiX)/g-'(l—zx_)IS(])OZ_ Si”es' o_nlydthe_lstrut(:j- unit structures to 3x 3 X 6 for the largest unit cells, so as to keep
ture 0 the en member MnO; (x N ) IS known in etal an the k-point density approximately constant. All calculations were
consists of a pure Li layer alternating with anfMnys layer i performed  with  ferromagnetic  spin  polarization.  Allowing
which Li and Mn are ordered in a sqrt(3y sqrt(3) supercell. The N2+ \n4+ antiferromagnetic spin ordering lowers the total energy,
remainder of the composition range of Ni,Mn; ,9/3Li (1251302 but does not significantly change the energy difference between the
is generally believed to be a solid solutidalthough a recent trans-  gtryctures.

mission electron microscopyT EM) study indicated that some su-

perstructure formation may also occur for Li(l4Nigs) O, Results

(x = 1/2).5 Even in a solid solution, the ions generally are not 6 :
distributed randomly. In particular, on frustrated lattices, such as aL N_MR—The Li M’_A‘S NMR_ specitra of the three samples
triangular lattice, significant short-range order often exists for sev-HiLL @-20MN@-xENi]O,, with x = 1/10, 1/3, and 1/2 are

eral hundred degrees above the equilibrium order/disorder temperan©Wn in Fig. 1. Two major clusters of resonances are observed, one
ture. Here, we show that when Li is present in the transition metal@t @PProx. 1300-1500 ppm and one at approx. 700 ppm, which have
been assigned previously to Li in the transition metal layergy Li
and Li in the Li layers, Li;, respectively:'° The large isotropic
* Electrochemical Society Active Member. (Fermi-contact shifts observed for these resonances are controlled
** Electrochemical Society Student Member. by both the number and tyge of paramagnetic ions in the nearby
Z E-mail: cgrey@notes.cc.sunysb.edu cation coordination sphef&:** For example, the resonance at 1560
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R L layer

LI(OMn), LI(OMn)5(OND

x=13

1150

1150 ppm

Figure 2. Different N#*, Mn**, and Li* cation ordering schemes for ions

in the transition metal layers. A schematic of the ordering scheme found in
x=1/2 Li,MnO;, showing the honeycomb structure formed by(gray squares

and Mn (a), the structure derived by replacing two Li and 1 Mn by 3 Ni

(black squares for thex = 1/10 (b) andx = 1/3 (c) compositiongmodel

II; Table 11I). (d) An ordering scheme based on,MnO; ordering and Li-Ni

avoidance(model III; Table Ill), for thex = 1/3 composition.

I 1 I 1
1000 0 -1000 -2000 -3000
ppm are expected based on the composition, 7% of the Li ions remain in
the TM layers. These values are lower than those ofetal,**®
Figure 1. °Li MAS NMR spectra of LfLig;_pysMN(z_sNix]O;, with who obtained occupancies of 93-94 and 88-89% foy; lfor
x = 1/10, 1/3, and 1/2. The resonances corresponding to the local environx = 1/3 and 1/2, respectively, from neutron diffraction experiments,
ments, Li(OMn), and Li(OMn),(OLi,), found in LLMnO; are marked. The  implying occupancies for kj, of 7 and 12%. However, the same
frequencies of the major resonances are indicated; asterisks indicate spinningroup found lower occupancies of 6-5 and 8% fog;Nih a more
sidebands. recent papet.Generally, the cation occupancies determined from
diffraction measurements of disordered systems containing multiple
types of cations on the same site are not as well determined as
ppm is assigned, based on its shift, to the local environmentmplied by the estlmate(_j standard deviations quoted in the(text
Li(OMn) 5(OLi) s, which contains six Mn and six Li in the first part because occupancies and thermal parameters are strongly_cor-
cation coordination sphere surrounding the central Li atom. Analysis'¢/ated. Nonetheless, the NMR values are in good agreement with
of the shape of the spinning sidebands of this resonance, and consliffraction measurements for = 1/2 and provide an independent
parison with those observed for a similar local environment found inmeasure of Li occupancy in the Ni/Mn layers.
Li,MnOs (Fig. 28, shows that the six nearby Miions must all be The Liy, resonances at 1560-1365 ppm are much broadgr for the
located in the same plai@Thus, this resonance is ascribed tg,hi ~ X = 1/2 sample than for the other two samples. We tentatively as-
and is abbreviated as Li(OMg)n the subsequent discussion. The cribe this to the presence of nearbyNions in the Li layers (Nji).
second major, high-frequency resonance at 1365 ppm is assigned fEhe_s_e NE* ions_ can be located in either a first or second neighbor
a Liny local environment containing five nearby Kfnions such as ~ Position to a Li in the TM layer and are expected to add small
Li(OMn)s(ONi) (Fig. 2b. Only a very weak resonance is seen at (negatlve) or Iarge(pogltlve shn‘ts,* respectively, to the totql hy-
1150 ppm due to Li nearby 4 M ions, suggesting that the 4j perfine shift of the Lj, environment. Values for these shifts of
preferentially occupy sites near five or six fnions. Possible or-
dering schemes consistent with the intensities of the different reso-
nar]lf:r?eS ferlézl?eer?g)rllt\)/a?hlr\]/vgi](?hD(;isf(f::rsesr:?rlti environments occur can Table I Comparison of the predicted and experimentally deter-
. e : 8 h - mined Li contents in the transition metal layers, as a percentage
be obtained from a quantitative analysis of the signal intensities. The  of the total lithium content, for the compounds

f T T
4000 3000 2000

relative intensities(of the isotropic resonancé spinning side- Li[NixMn 5_y/sLi (1-2x3]O2 . Errors in the experimentally deter-
bands of the low- (approx. 700 ppm; Lj siteg and high-frequency mined values are given in parenthesis.
resonance§1300-1500 ppm; Lyiy) (Table |) are close to the values i )
calculated from the formula [Li ;g sMNz—yNi]O, for Nickel content Li content in T.M. layers(%)
x = 1/10, indicating that little exchange occurs between in the Li  (x) Predicted Experiment
layer and Ni in the TM layer, Nj, . As the value ok increases, the

- . . . 1/2 0 11.5
experimentally determined concentration of.idecreases, but for 13 10 102)
x = 1/3, concentration remains similar to the predicted value. At  1/10 21 192)

x = 0.5, however, where negligible concentrations of; ldhd Liry, 0 25 223)
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Figure 4. Snapshot of the Monte Carlo simulation of Ni, Mn disorder in
Li[ NiggMng |0, at 1200 K.

7

pends somewhat on the details of the interaction fit. Figure 4 shows
a snapshot from the Monte Carlo simulation at 1200 K. Although the
structures can be stacked in multiple ways alongetiis, and the energy is system is in a disordered phase at this temperature, significant short-

given for the stacking with lowest energy. Dafkhite) octahedral indicate range order_exists, with Ni and Mn _forming_small fragments of the
Ni (Mn). structures with low energy: When this material is cooled through the

transition, some small ordered fragments grow and form larger well-
ordered regions, depending on the diffusivities of Ni and Mn and the
) . . cooling rates. Assumia 1 eVactivation barrier for diffusion, and
approximately—10 and +165 ppm, respectively, per i were 5 0 1% vacancy fraction, the hopping rate for the cations at the
determined in recent NMR studies of the layered compoundiransition temperature of 1000 K is still about®1€ When such a
Li(NiTi) 050, ."® Given that no resonances are observed at frequenhopping rate is applied in our Monte Carlo simulation, the systems
cies higher than 1560 ppm, the Li(OMnenvironments in the  become well ordered over long distances at less than 1 s. Even for
Ni/Mn layers do not appear to contain additiona|;Nons in their an activation barrier of 1.5 eV, the hopping rate is several hundreds
second coordination shells. Furthermore, the resonance at 1560 ppper second at 1000 K, more than enough for small domains of well-
is sharper than the 1365 ppm resonance, suggesting that mostdered material to form.
Li(OMn) ¢ environments do not contain Niions in their first coor-
dination shell.

Figure 3. Different in-plane orderings of Ni and Mn in [INiggMng 5|0,
and their calculated enerdgyith respect to the most stable structuréhe

Discussion and Models

Both the NMR and first principles results indicate that substantial

First principles computations of ordering in Li(j4iMng 5) short-range order exists in these materials. The NMR spectra of
0,.—To understand the Ni-Mn interactions better, which are diffi- these materials are remarkably simple, indicating that a small num-
cult to investigate by using NMR experiments a series of first prin- ber of local environments dominate, in contrast to what is expected
ciples calculations were performed on stoichiometric from a random solid solution of Li, Ni, and Mn in the TM layer.
Li(Nig=Mng O, with twelve different Ni-Mn arrangements. Of Because NMR probes only a local coordination sphere, it cannot be
these, the zigzag ordering of Fig. 3a was most stable. The two arexcluded that the strong preferences for particulag,Léonfigura-
rangements with closest energy to this ground state are also showtions are the result of long-range order. A more detailed study with
in Fig. 3. Ordering in rows along the hexagonal a¥gy. 3b), as for TEM, XRD, or neutron diffraction is needed to fully characterize
example, is, observé®and predictetf*® for Li and vacancies in  any long-range order that may exist.
LigsC00;, is considerably less stable. Whether Ni/Mn ordering is  For stoichiometric Li(MgsMnyg)O,, with no Li in the TM
present in actual samples depends on the synthesis temperature, alager, calculations predict that the zigzag structure has the lowest
the equilibrium order/disorder temperature. We studied finite tem-energy. Whether this structure can persist in a typical real
perature disorder with the cluster expansion techni§@@whereby  Li(Mn,sMn, 9O, sample depends on the amount of Li in the TM
the energies of the calculated Ni/Mn arrangements are fit to interactayer and how strongly this Li perturbs that ordering. A high order/
tions in an Ising-like model that describes the occupation of eachdisorder temperaturél000 K) is predicted, which has significant
lattice site by Ni or Mn. Previously, this approach has been appliedimplications for understanding the effect of processing on the prop-
to study Li-vacancy ordering in LCoO,'” and Li,NiO,?* and more erties of these materials. Using low-temperature processing routes,
details can be found in these papers. The interactions in the Isingene may actually be in the ordered phase region and be able to
like model are given in Table Il. Most in-plane pair interactions are synthesize materials with substantial long-range order. However,
positive reflecting the ordering tendency of Ni-Mn. Finite tempera- even for materials synthesized above the order/disorder temperature,
ture Monte Carlo simulation with this set of interactions indicates significant short-range order can exist.
that the system undergoes a weak first-order order/disorder transi- The NMR results suggest that a degree of ordering persists even
tion at approximately 1000 K, although the exact temperature dedin the Li-excess materials. The integrated intensities of the NMR

Table 1I. Values of nth neighbor pair (V,) interactions in an Ising-like model for the Ni-Mn distributions in the transition-metal layers.

meV In-plane interactions Interplane interactions

Constant A V, V, Vs Vi \P
—278.1 78.0 8.1 14.8 -3.7 —5.4 4.9
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Table Ill. Concentrations of the different Li environments in the transition-metal layers obtained from NMR and predicted from three different
models for Li/Mn/Ni ordering. Concentrations are expressed as fractions of the total Li content in the transition metal layers.

Ni Probability
Content Local Experimental Model | Model Il Model IlI
(x) Environment Intensity’ (Random (a)-(b)
1/10 LiMng 0.72(1560 0.06 0.74 0.74-0.77
LiMngNi 0.22(1365 0.06 0.23 0.26-0.23
LiMngLi 0.16 0 0
LiMn 4Ni, 0.06 (1150 0.02 0.03 0
LiMn 4Li, 0.17 0 0
LiMn 4LiNi 0.13 0 0
1/3 LiMng 0.5 (1560 0.03 0.34 0.34-0.60
LiMngNi, LiMngLi 0.41(1365 0.15 0.40 0.60-0.40
LiMn4Ni,, LiMnLi,, LiMn,LiNi, ~0.09, (1150 0.33 0.20 0.05-0.0
Li(Mn) 5(Ni) 5 - 0.13 0.05 0

2The two local environments that, in principle, may contribute to the intensity of the resonance at 1365 ppm are listed together. Similarly ésvinahmen
resonate at lower frequencies, such as LiMi3, containing 4Mn and 2Ni in the Li cation first coordination sh@there the 6 additional Li in the first
cation coordination shell, in the Li layers are omitted for claréye grouped together. Since the second cation coordination shell contains only Li, these
are not considered.

b Shifts of the resonance ppm) are given in parentheses.

¢ See Ref. 22 for details on the probability calculations. The values were calculated by assuming that all the Ni is in the transition metal layers.

resonances gives quantitative information on the relative frequencyll, indicating that the tendency for Ni and Li avoidance, in the first
of various environments around 4j and thereby provide con- cation coordination shell is strong. At higher valuescpfmost N *
straints on which ordering models are possible. The concentrationgon in the Mn sites are located nearby Li sites in ftié;,sMns]

of different Li local environments in the Ni/Mn layers were deter- |ayer substituted by Ni. This results in “zigzag” ordered regions that
mined from the intensities of the 1560, 13@hd the weaker 1150 are similar to those found in the disordered[ Ming Nig <] O,

ppm resonances in the = 1/3 and 1/10 sample€Table II) and (Fig. 4).

compared to the different local environments that can arise from So far, we have not considered the effect o?*Ndoping in the
various Li/Mn/Ni ordering schemes in the TM layers. The first | j|ayers on the L}y, hyperfine shifts. The effect is negligible for the
model, in which the Ni*, Mn**, and Li* ions are distributed ran-  x = "1/10 sample, and small for the= 1/3 sample, where, at most
domly on the sites of the TM layer, fails to account for the observedao, of the Lj; sites are occupied by Rii (based on errors in the
NMR intensities. In particular, the local environment L(OMR)  measurements of the Li signalsLi environments such as
which is observed in the end-member compoundMriOs, is  j(OMn),(ONi),, which in model I represent only 2% of the total
present experimentally in much higher concentrations than predictedites in the Ni/Mn layers, should resonate at higher frequencies than
based on the random model. In model(Table IIl; Fig. 2, we predicted in Table II, if Nj; ions are present in the second cation
considered an ordering scheme derived from that found in the mang . qination shell. The effect on the= 1/3 spectrum is negligible,
ganese layers of bMnO; (i.e., Li[Li;sMny3]0,). In this com- ¢\ occupancy of the Li layers is random. However, if the location
pound, the Li and Mn ions are ordered so that each Li ion is sur-o¢ e Nj; jons is strongly correlated with higher Ni contents in the
rounded by six manganese ions, while the manganese ions arQj v jayers, then a small decrease in the intensity of the resonance

fsurrounhded by onl)t/)three other Mn i_ohns in 21#1/3'\/'”2/3] layers, 10 assigned to Li(OMn)(ONi), (and an increase in the intensity of the
orm & honey-comb arrangement with two different cation S#S.  gher frequency resonange®sults. This effect is more important

23). To accommodate R in the TM layer, one MA”™ and wo Li* ¢, hey — 172 sample, and may provide an additional explanation
ions are randomly replaced by threezN"O”§ on thef LiysMnys] for the weak intensity of the 1150 ppm resonance and the breadth of
array, to maintain charge neutraliye., the NP occupancy of the  the resonance at 1350 ppm, in comparison to the 1560 ppm reso-
Li and Mn sites is 2:1, (Fig. 2b). The fit between this model and the pance.

intensities obtained by NMR is good for the sample with lower  The NMR spectra are extremely sensitive to cation substitution
nickel content and provides supporting evidence for the assignmeny, the first and second cation coordination shell and thus only probe
of the 1360 ppm NMR resonance to the Li(OM(PNi) local en-  a length scale of approx. 8-9 A, and hence one cannot make infer-
vironment. The model is consistent with the intensities and shiftsence about long-range order or separation into two phases with dif-
of the Li; resonances, which are also dominated by theferent compositions. However, local environments such as
“Li ;,MnO;"-like local environments(776 ppm, and are not consis-  Li(OMn)¢ are clearly present, although these have been suggested
tent with random Ni/Mn/Li cation orderingmodel ). to be “statistically very unlikely.” The frequency of different kj,

The agreement is less good for the sample with a highesn- environments obtained from NMR are consistent with ordering
tent (Fig. 20. In particular, model 1l predicts that the environment pased on a %2 x 372 Li,MnO; lattice, which has been proposed
Li(OMn) 4(ONi), should be present in a higher concentration than pased on diffraction and TEM experiments, for the< 0.5 and
was observed experimentally. In model Ill, we constrain the systemy — 0.5 samples, respectively.
to have no Li environments Li(ONjJOMn)g_, , with y > 1. This
can be done by either creating more Li(OM@DNi); environments
(model I11g) or by putting the Ni in environments surrounded by
only Mn (i.e,, no Li), as for stoichiometric Li(NjgMng 5O, (model Both first principles calculations and NMR on Li({{NMng 5 O,
lllb). The experimental data lie between the two extremes of modelind NMR on LjLi;_2,3Mn—,5Nix]O, indicate a strong ten-

Conclusions
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dency for cation ordering in the TM layers. There appear to be two
competing stable ordering schemes for the- 0.5 structure, one
involving Li,MnOs-type ordering(allowed only if accompanied by 2.
Ni substitution of the Li layersand the other, Ni/Mn zigzag order-

ing. The structure of this compound likely reflects a balance between 3
these two competing driving forces for ordering. Even when the
material is synthesized above the long-range ordering temperatures,
short-range order exists, which can grow as the material is cooled.s.
This kinetic development of long-range order may lead to a larger
than usual dependence of the structiamed possibly electrochemical
propertie$ on processing differences. The NMR spectra indicate g
that nonrandom cation distributions persist in the Li-excess material.
A model for the material whereby }MnO,-like domains are sub- 9.
stituted by Ni seems to be consistent with the integrated NMR in-10-
tensities. Further NMR analysis suggests some clustering of theg;
Ni%* ions, particularly in the samples containing highef Ncon-
tents. The NMR intensities may also be used to estimatedbping
in the Ni/Mn layers.
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