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Understanding the Crystal Structure of Layered LiNigsMng 50,
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A combination of experimental techniques that probe different relevant length scales is necessary to truly understand the structure
of complex solids. In LiNjgMng O, electron diffraction reveals the presence of long-range ordering, previously undetected
with X-ray diffraction and neutron diffraction. We propose a superstructure for this material with space R3eLp, and a

V3ape, X V3aue Ordering in the transition metal layers. Surprisingly, these ordered layers are stackmzhbtrsequence along

the c axis, indicating the presence of long-range interactions between different transition-metal layers. Electron diffraction evi-
dence indicates that Li, Ni, and Mn ions are not distributed randomly in the transition-metal layers, but order and form two
sublattices with significantly different occupation. We further demonstrate that this ordering would be extremely difficult to detect
experimentally, if not impossible, with powder diffraction by X-rays and neutrons.
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Layered lithium nickel manganese oxides have been reported ag3a, ., X v3ape, superstructure relative to the parent hexagonal
promising positive electrode materials for advanced lithium re- cell, but a detailed structural model was not discussed.
chargeable batterids’ The material LiNjMno<O, shows stable In this article, we combine experimental electron diffraction data
reversible capacity up to 200 mAh/g in the potential window of of a LiNiysMng 0, sample with diffraction simulations to demon-
2.5-4.5 V* Although various computational and experimental meth- strate tha{Li, Ni, and Mn) are coherently ordered in the transition-
ods have been undertaken to study this matéridlthe details of =~ metal layers over large enough ranges so as to give superstructure

the structure of LiNj sMn, O, are not fully understood and are still  'eéflections. We also propose a complete description of the unit cell
subject to debate. ' ) by giving careful consideration to the possible stacking sequences of

In LiNi g sMng sO, the nickel and manganese ions have a valencethe:rl_qﬁlr_w transétion-metlal layers. thesized f toichi i
state of 2~ and 4+, respectively, as suggested by a first-principles LiNi o M, £0, sample was synthesized from stoichiometric
study? and later confirmed by X-ray absorption near-edge fine struc-gu.am't!es of coprempﬂgted manganese and nickel hydro?qdes with
ture (XANES) results’ Using X-ray powder diffractiofXRD), the Li enriched (Isoteg lithium hydroxide at 900°C for 24 h in ©

" ; . NMR results for this sample indicated an occupancy for Li in the
structure of L'Nb~5M_n°-502 is usually indexed as a Irhombo_hedral Ni/Mn layers of 7+ 1.5% % XRD data indicated the formation of
layered structure with space gro®3m. The separation of Li and

o S . L a layered structure with space groR@m with about 9% Ni in the
transition metals in different layers is not perfect in Li¥ing <O, , lithium layer. Electron diffraction patterns and transmission electron
as Rietveld refinement of the structure based on XRD and neutronyic;oscope(TEM) images were collected from the LijiMng O,
diffraction data gives 8-10% Ni ions in the Li layef:® Such mixing owder sample, which was suspended on a copper grid with lacey
is naturally accompanied by the presence of Liions in the transition-;arhon under an accelerating voltage of 200 keV on a JEOL 200CX,
metal (Ni, Mn) layers, which has been revealed %y magic-angle  JEOL 2000FX, or JEOL 2010 microscope. Chemical analyses of Ni
spinning(MAS) NMR studies? and Mn contents of individual LiNisMn, <O, crystals were per-
LiNi g sMng £O0, represents the end member of the solid solution formed by X-ray energy dispersive spectroscoBS at a sample
Li[ NiyLi1/3.9/3MNo/3,3]10, (0 < x < 1/2). From powder XRD tilt angle of +15° (tilted toward the X-ray detectpon the JEOL
studies, Lu etal. proposed that for G x<1/3 in
Li[ NiyLi1/3.243MnN5/3,,3]10, Ni, Mn and Li ions are ordered in the
transition-metal layer on @3ape, X V3ane superlatticé. They re-
ported that ordering is not expected for the compositon 1/2 as
X-ray and neutron powder diffraction analyses reveal little indica-
tion of superlattice peaksHowever, recent first-principles compu-
tation and Li-NMR analysé$ reveal strong ordering interactions
between Ni* and Mrf*, and Li" and Mrf*, even for this compo-
sition. Monte Carlo simulations on perfectly stoichiometric material
show that short-range ordering of Niand Mrf* is retained near
synthesis temperature range, although these simulations do not a
count for the presence of Li in the transition-metal la{feNMR e
data reveal a preference for Li in the transition-metal layers to bell11],.
surrounded by MrA° Moreover, recent electron diffraction data of a (a)
LiNigsMng 0, sample by Ohzuku and Makimura clearly reveal a
Figure 1. () [111]pex (D) [251]pey electron diffraction patterns of
LiNiggMng sO,, fundamental reflections indexed based on parent hexagonal
* Electrochemical Society Active Member. cell. Tripling superreflections of the (I)1type planes are circled for clarifi-
Z E-mail: shaohorn@mit.edu cation.
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Figure 2. Schematic of in-plane cation ordering in the transition-metal
layer in LiNiysMn, sO,. Multiplicity of « and 3 are 1/3 and 2/3, respec-
tively, in a triangular lattice plane. The transformation matrix of the

V3ahex. X V3anex. X Chey SUPerstructure with respect to the parent hexagona
cell is presented.
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two distinct sites(a and B) in the transition-metal layer with a
multiplicity of 1 and 2. As the translational unit in the transition
metal layer is enlarged by the superstructure formation, different
ways of positioning successive transition-metal layers alongcthe
axis are possible. Thabcabc stacking of the ordered transition
metal layers in Fig. 3a creates a superstructure RBh12 symme-

try, which consists of three transition-metal layers per unit cell. Pro-
jection of three successive transition-metal layers alongcthgis,

as shown in Fig. 3b, illustrates that the structure has a threefold
screw axis. The stacking shown in Fig. @dababstacking leads to
C2/m symmetry and is equivalent to the unit cell of,MnO;. In
Li,MnO; pure layers of Li alternate with layers of composition
LiysMny5 in which Li and Mn ions are ordered in thé3aye,

X V3apey Superstructure of Fig. & Projection of two successive
transition-metal layers of LMnO; shows that the structure has no
| threefold screw axis but a twofold axis and an in-plane mirror plane
(2/m) in Fig. 3d.

Careful comparison of the TEM patterns with electron diffraction

simulations of these two possible stackings of the transition metal

2010 microscope. Examination of ten randomly selected single crystayers indicates that LiNiMn, 5O, has three transition-metal layers

tals revealed an average composition of L§iNigdO,, which

per unit cell with space group3,12. For example, tripling of the

agrees with the nominal composition within experimental uncer-(113),., type fundamental reflections in Fig. 1b is consistent with
tainty. Lithium and oxygen contents were not quantified by EDS andthe v3aye, X V3@, X Crex SUPErstructure with space group

were assumed stoichiometric.

A total of 34 electron diffraction patterns were collected ran-
domly from the LiNpgMny O, sample. Among those patterns, 17
revealed superstructure reflections in addition to the fundament

reflections of the hexagonal parent structure with trigonal symmetry d
R3m. The most predominant feature of electron diffraction patterns;

with commensurate superreflections is that only thd )L planar
spacings (= 3n, n =0, £1, £2...) in the parent hexagonal

structure were tripled by the presence of the superreflections. Figur

la and b, respectively, shows tfi@11]., and [251];, zOne

axis patterns with fundamental reflections indexed to the pareny .

hexagonal cell(space groupR3m) with lattice parametersye,.
2.895 A andc,., = 14.311 A% The presence of these unique
superstructure reflections suggests the formation of3@pe,
X V3apex X Cpex. SUperstructure, which implies long-range order-
ing in the transition-metal layer in the LipiMny O, sample.
Ordering in a/3 X v3 superstructure ce(Fig. 2) is common on
triangular lattices, and has been observed for Li-vacancy ordering i
Li,CoO,*?13 and LiNiO,'* at x = 1/3. This superstructure creates
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P3,12: these superreflections are absent when the electron diffrac-
tion pattern of LiNjsMny O, is simulated along the equivalent
one axis for the structure with space groGg/m. Hence while

iNi g gMng 5O, has the same in-plane ordering asMhOg, it has a
istinctly different ordering along the axis. If the transition-metal
ayers were disordered, as speculated previdubbth stacking se-
quences €C2/m and P3;12) would be identical and degenerate to

E1e R3m structure as a result of the lack of translational symmetry
reaking in the transition-metal layer.

It is not possible to determine the occupanciesxand 3 sub-

ices directly from the TEM experiments. To generate a model
with which to simulate the TEM patterns, 9% Ni occupancy in the
lithium layer and a composition of kpdNig4/Mng 5o With a charge
balance of 3 in the transition-metal layer were assumed. Small
variations in the Ni occupancy valy8-10% do not affect the con-
clusions of this article. Given this composition, one cannot create a
stoichiometric occupation of and 8 sites in the transition-metal
Nayer. However, this does not preclude long-range ordering, which is
common even with partial occupancisGiven the charge differ-

Figure 3. (@) Proposed structure of
LiNi g sMng £€0, with P3,12 space group.
(b) [001]ey projection of transition-
metal layers reveals threefold screw axis
along thec axis. (¢) Structure with the
same in-plane ordering, but establishes a
different stacking scheme with space
group C2/m. (d) [001];ey. projection of
transition-metal layers in the structure
with space grougC2/m.

(b)
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100 where Ni and Mn ions are randomly interchangeable with each
other, which leads to site occupancjes(0.27Li; 0.33Ni; 0.40Mn,
B (0.45Ni; 0.55Mn)].

To understand why ordering in LijliMnysO, may have been
missed with XRD and neutron diffraction methods, we examine the
superlattice peak intensities in simulated powder XRD and neutron
diffraction patterns using CerifsThe calculated powder XRD pat-
tern of thev3ane, X vV3apex X Chex SUPErstructure with site occu-
= panciesx (0.27Li; 0.73N) andp (0.75Mn; 0.25Nj is shown in Fig.
a0 _ 1 Sificaceicaigie 4. Lithium layers in the simulated superstructure consist only of Li,
1 as it can be shown that the random distribution by(&L0% in the
lithium layers has a negligible effect on the superstructure reflection
intensity. The superstructure peak intensities are less than 1% of the
1 intensity of the fundamental (003), peak, making them very dif-

Lls ficult to resolve experimentally. The low superstructure peak inten-
0 J L sities result from similar average scattering factors for X-rayson
| IR I (0.27Li; 0.73N) and B (0.75Mn; 0.25Nj sites. Simulated powder
10 20 ) 40 ) p 7 2 XRD diffraction patterns of superstructures with thbcabcand
abababstacking of the ordered transition-metal layers are nearly
identical, which demonstrates the ambiguous nature of structural

Figure 4. Calculated powder XRD pattern of LijiMn, sO, with the pro- detgrml?hatlor]t by powder @f‘frat(:)tlg;ll_t}.ecgr;lg;es. d 0.75Mn:
posed structurex = 1.5406 A. Note that the superreflections peak intensi- or the site occupancies (0. LY. ) and B (0. n;

ties in the range of 20-30(see insétare less than 1% of the maximum 0.25N), one may expect to see relatively strong superstructure
fundamental reflection peak intensity (0Q3). peaks in the powder neutron diffraction pattern of t&aye,
X V3apey X Cpey. SUperstructure as Ni and Mn have significantly
different neutron scattering lengthsby = 10.30 fm; by,

bet i and M+ X . dering ten. —3.73 fm)" However, the neutron scattering length of bj; ,
ence between Li an »_ON€ EXpECLS a srong ordenng ten- o1 99 fi7 and Li occupancy on the Ni-rich site significantly

dency between these ions. Experimental XRD evidence for the ory : : .
7 . - . lowers the contrast betweenand 8 in powder neutron diffraction
dering interaction between tiand Mrf* can be found in the well- Binp

) - ! patterns. In the simulated powder neutron diffraction pattern of the
ordered nature of LMnO;, and in the Li NMR observations for g serstructure withe (0.27Li; 0.73N) and 8 (0.75Mn; 0.25Nj in

this material, which showed a much higher probability for idns Fig. 5a the superstructure reflection peak intensities are only a few
to be surrounded with 6 Mri ions than would be found for @ percent of the maximum fundamental reflection peak intensities.
random solution. The maximum number of the nearest nelghborSma” partial occupancies of Mn am and Ni onp, further lowers
Li*-Mn** contacts can be achieved by segregating them to separatgie superreflections peak intensities in powder neutron diffraction.
sublatticeqLi to «, and Mn toB). In addition, first-principle studies  For instance, if 4% Mn and Ni interchange sites, making the occu-
have shown that there is a strong tendency fdt"Nind Mrf* to pancy ona [0.27Li; 0.61Ni; 0.12Mf and B [0.63Mn; 0.37N], the
order’® The maximum ordering between Ni and Mn occurs when intensities of superstructure reflections fall to less than 2% of the
Ni?" preferentially occupies: site. Hence, a likely model for the maximum fundamental peak intensity, as shown in Fig. 5b. As typi-
occupancies in theé3aye, X v3ape, structure with in-plane compo-  cal LiNiygMng 0, samples are synthesized at high temperatures,
sition Lig odNig 41MNg 50is [ (0.27Li; 0.73Nj, B (0.75Mn; 0.25Nj]. such disorder is likely, making ordering difficult to detect even by
Though less likely, it is conceivable that Li orders with Ni or Mn, neutron diffraction. We therefore believe that the previous conclu-
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Figure 5. Calculated powder neutron diffraction patterns of proposed superstruciuresi(3260 A) with(a) « [0.27Li; 0.73Nj andB [0.75Mn; 0.25N]; (b)
« [0.27Li; 0.61Ni; 0.12Mr and B [0.63Mn; 0.37N].
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sion that ordering in LiNjgMn, O, is unlikely® based on powder Materials Science and Engineering and the Singapore-MIT Alliance
XRD and neutron diffraction data should be revisited. We haveis gratefully acknowledged. Discussions with John Gorman were
shown here that even for the maximum long-range ordering of Nihelpful in developing the idea in this paper. Y.S.-H. acknowledges
and Mn possible, neutron superstructure peaks appear only witfffice of Naval Research Young Investigator Award N00014-03-
very small intensities. 10448.

In this report, we have shown that in LijVing O, Li, Ni, and
Mn are long-range ordered in the transition-metal layer, creating two
distinct sites(a and B) in av3ane, X v3ape, Unit cell. We believe
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