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Selected area electron diffraction patterns were collected from pristing dMb 5O, and cycled Lj-
Nio.sMngsO, samples (to either 4.5V or 5.3 V) in the charged and discharged states. Superlattice reflections
characteristic of the/3auex. X v/38Hex, X Chex, SUpercell, which are associated with ordering of Li-rich
and Li-deficient sites in the transition metal layer of the pristine sample, were weakened considerably or
disappeared completely in the charged samples, indicating a reduction of this long-range ordering. Detailed
analysis revealed not only a considerable amount of Ni migration from the Li layer to the transition
metal layer upon charging to 4.5 V but also that a complete removal of Ni from the Li layer might be
possible upon charging to 5.3 V as evidenced by the detection of the O1 phase with a hexagonal-close-
packed oxygen array. The Ni migration was in part reversible upon discharge as the fractions of crystals
exhibiting they/3apex. x v/3anex. X Crex, SUperlattice reflections were considerably higher in the discharged
samples than in the charged samples. Additional superlattice reflections that could not be indexed to the
V/3aHex. X v/3aHex. X Chex, SUpercell were observed in some crystallites of the cycled samples, the extent
of ordering varying from crystal to crystal. This new long-range ordering was attributed to a nonrandom
distribution of Li, Ni, and vacancies in the tetrahedral and/or octahedral sites of the Li layer. Although
the nature of this long-range ordering is not fully understood, it is proposed that the Li, Ni, and vacancies
order on the tetrahedral sites of the Li layer resulting inagae2 x 2apex. X Crex. SUpercell with space
group R3m, in the charged samples, while they order on the tetrahedral and octahedral sites of the Li
layer in anawion, X awon. X Cmon. Cell having space group2/m, in the discharged samples. The appearance
of long-range ordering in the Li layer of the cycled samples is likely due to electrostatic repulsion of
cations, which might play an important role in the stability of the O3 layered structure and lithium diffusion
in the layered structure.
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electrode material for high-energy and high-power advanced &) and LiMnO; (t,¢? &;2). Typically, ~0.10 Li* per formula
ithitm-i ind—15 Eirct-nrinci ,7,13 - - e . ! ’
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Figure 1. (a) v/38uex. X +/3anex. X Chex. Supercell present in the pristine LdMno sO, sample with in-plane ordering of Li-rich and Li-deficient sites in
a ratio of 1:2 in the trigonal lattice. (b) Schematic of octahedral site ordering und@&2fhresymmetry.

Li™ and N7 in alternative layers may result from the fact layer are electrochemically active and have shown that the

that they have similar ionic radfi(Li*, 0.76 A, and Ni*, ~3.9 V voltage plateau on the first charge is associated with
0.69 A) and the strong driving force for tiMin** ordering. the simultaneous removal of Li ions from the Li and

Previous electron diffraction studies have revealed long-rangetransition metal layers (Figure 2). It has been reported that
cation ordering resulting in a/3auex. X +/3aHex. X Chex. Li ions can migrate and fill tetrahedral sites adjacent to vacant

supercell with space groupB;12181°This type of ordering  Li octahedral sites in the transition metal layer at the
creates two different crystallographic sites, one that is Li- beginning of chargé which can then be removed toward
rich and one that is Li-deficient (Figure 1a) and is analogous the end of charge at high voltagésbowe 5 V versus Li/

to that reported in LMnNO3,%° Lip38C00,,%1%? and Lipsz Li*. Li migration into the tetrahedral sites in the Li layer
NiO,.2® Cation occupancies of each site can be clearly was first suggested from Rietveld refinement of synchrotron
defined* in these latter structures, which have a long-range powder X-ray diffraction dat&?°of charged LiNipsMno O,

order parameter of unit?. However, partial occupancy of samples. The presence of Li on the tetrahedral sites has been

Li*, Mn**, and N#* on the two different sites in LiNis confirmed recently by neutron diffraction measureménts,
MnosO, prevents a precise determination of the exact where~0.10 Li per formula unit has been detected in the
occupancy for each site, as discussed previotisi/Al- tetrahedral sites in the IMNigsMngs0, samples X = 0.62

though the presence of Ni in the Li layer is believed generally and 0.33). In addition, synchrotron X-ray data have detected
to have detrimental effects in the reversibility of lithium some Niions{0.01 per formula unit) in the tetrahedral sites
intercalation and the de-intercalation process by impeding of the Li layer in LipsNigsMngsO,, having the tetrahedral
Li diffusion in the Li slab space, Li/LiNisMng sO, cells have site occupancy increasing upon further lithium remdvés.
shown excellent reversible capaciti€st>This is in contrast Li* and NP* ions in the Li layer that share an edge with the
to the reversibility found for Li/Li—,Niy+,0, cells2® which vacant octahedron in the transition metal layer left behind
is very sensitive to extra Niz(value) in the Li layer. The by the de-intercalated Limay hop into the face-shared
apparent difference might be related to how the structurestetrahedral site?® as shown in Figure 2. Such migration
of LiyNigsMngsO; and Li—,—xNi1+,0, change upon lithium is highly unfavorable in layered {00, and Li—,—xNi1+,0
removal and electrochemical cycling. as no vacancies are present in the transition metal layer, and
Recent diffraction and NMR data reveal that the arrange- tetrahedral and adjacent face-sharing octahedral sites cannot
ment of cations in the layered structure changes considerablyP® occupied simultaneously because of the small interatomic
upon lithium removal from LiNjsMno sO,. 6Li magic angle distance and large electrostatic repulsion between cations.
spinning (MAS) NMR studies and first-principles stud- Moreover, recent neutron powder diffraction data have

iesi22728have revealed that the Li ions in the transition metal indicated that Ni ions can migrate from the Li layer to the
transition metal layer upon charging to high voltageas
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Migration of Li and Ni ions
into tetrahedral site

Simultaneous removal of Li ions from
the Li layer and transition metal layer
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Figure 2. Representative galvanostatic charge and discharge voltage profile ofNiiing sO cells under a current density 6750 (0.027 mAcn¥) in
the voltage ranges of 2-31.5 V (solid line) and 5.1 V (dotted line) and schematics gLy sMng 502 structure showing reported processes of Li and Ni

motion at different Li contents. At the beginning of charge, Li ions are simultaneously removed from the Li and transition metal layers. Upon further
de-intercalation of Li ions, Li and Ni ions can migrate into the tetrahedral sites that share a face with vacant octahedral sites in the traridgiper meta
The inset shows the discharge capacities for the first 25 cycles collected at various current densities in the voltage range of 2.5 and 4.5 V, where no

significant loss in the capacity is noted upon cycling.

Changes in the cation arrangement and ordering can playwith cations in the octahedral and tetrahedral sites randomly

a significant role in the electrochemical properties and distributed in the Li and transition metal layer.
stability of cycled LiNigsMnosO,. Electron diffraction is

L ’ 2 B | The focus of this study is to investigate how cation

and neutron powder diffraction. Recent single-crystal electron j, the charged and discharged states, by using selected area
diffraction analyses have clearly revealed superlattice reflec- gjectron diffraction. Li removal from the transition metal

tions associated with lithium and vacancy ordering in the |ayer and Ni migration might change the extent of cation
octahedral sites of O3 layeredolsC00,?? and LiNiO,,2338 ordering in they/3auex. X +/3auex. X Cuex Supercell found

while these superlattice reflections are either not visible or i, the pristine LiNj gMino <O». In addition, as Li and Ni ions

extremely weak in the powder diffraction data. Arachi et ¢4 reside in octahedral and tetrahedral sites of the Li layer,
al1#*have proposed cation ordering in the monoclinic phase gdering in these octahedral and tetrahedral sites might be
found for the LiNiosMnosO, (0.33= x < 0.7) sample. The  y4sgible because of electrostatic forces among cations. Figure
in-plane dimensions of this monoclinic cell are outlined in 3 shows tetrahedral 6¢ sites of the Li layer in the O3 layered
Figure 1b, which shows its relationship to the present i\ cture having a cubic closed-packed oxygen array (AB
hexagonal cell dvon. = ~+/3aex. and Buon. = ~Drex). CA BC...). There are two tetrahedral sites per octahedral site
H_owever, no details on the nature of cation or_d.ermg are in the Li layer (one pointing up and the other pointing down),
discussed, and the space grdl@/m of the monoclinic cell  \yhich share face with adjacent octahedral sites in the
used in these studigg®describes only a structural distortion,  yansition metal layer. These individual tetrahedral sites might
be filled with one Li or one Ni ion if they share a face with

a vacant octahedron in the transition metal layer. Although
full occupancy of tetrahedral Li ions has been reported in

(38) Peres, J. P.; Weill, F.; Delmas, Solid State lonic4999 116, 19.

(39) Arachi, Y.; Kobayashi, H.; Emura, S.; Nakata, Y.; Tanaka, M.; Asai,
T. Chem. Lett2003 32, 60.
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Figure 3. (a) Schematics of LNigsMng 502 structure viewed perpendicular to the transition metal slabs, where the parent hexagonal cell is outlined. Upper
and lower tetrahedra in the Li layer, octahedral Li ions, and octahedra in the transition metal layer are shown; (b) schemaligg\dnd.$O, structure
viewed along theayex. direction, where the upper and lower tetrahedral are revealed clearly.

Li,NiO, with space groupP3mi1,%4! the structure has a are discussed with respect to reversible Ni movements
hexagonal closed-packed oxygen array (AB AB AB ...), between the Li layer and the transition metal layer upon
where tetrahedral Li ions only share edges with the fully charge and discharge. In addition, we show the formation
filled octahedral sites in the Ni layer. The distance between of new long-range ordering in the charged and discharged
cations in the nearest upper and lower tetrahedral sites insamples, which are different from thé3auex. x +/3aex. X
LixNio.sMng 5O, can be small, approximately 2-@.1 A in Crex. type, and discuss possible ordered cation arrangements
the charged samplE&g?if cations were placed close to the in the layered LiNipsMng O, structure.

ideal position of the tetrahedral sites. Therefore, random

occupancy of these tetrahedral sites and simultaneous oc- Experimental Section

cupancy of the nearest upper and lower tetrahedral sites The pristine LiNj,sMno <O, sample was synthesized from the

_ShOUId _be unfavorable. as a result _Of st_rong r_e_puIS|_ve following steps: (1) nickel and manganese hydroxides were
interactions between adjacent Ni and Li or Liand Liions in  gpiiooq from Ni(N@), and Mn(NQ), with LiOH solution; (2) a

the tetrahedral sites of the O3 structure (AB CA BC ...). A stoichiometric amount of LiOHH,0O was added to Ni and Mn
similar argument can be made about possible cation orderinghydroxides, and the mixture was heated at 48Cfor 12 h in air;

on the octahedral sites in the discharged samples, which may(3) a pellet was then made from the product; and (4) the pellet was
result from electrostatic interactions between cations (Li and heated at 1000C for 12 h in air and was quenched to room
Ni) in the octahedral sites of the lithium layer. In this paper, temperature between two thick copper plates.

we report electron diffraction data of,Nig sMno O, samples The reversible capacities and electrochemical activity of 44Ni
in the charged and discharge states, which were cycled toMno.sO02 composite electrodes were measured in 2016 coin cells
4.5V or 5.3 V. The changes in the/3ane. X v/38He,. X that have lithium foil as the negative electrode. Detailed electrode

r preparation and the 2016 coin cell assembly procedure can be found
from a relevant stud§? LixNigsMnosO, exhibits 186-185 (mA
h)/g of initial rechargeable capacity at C/50 in the voltage range of

Crex. type long-range ordering in the transition metal laye

(40) Dahn, J. R.; Vonsacken, U.; Michal, C. Bolid State lonicd99Q
44, 87.

(41) Davidson, |.; Greedan, J. E.; Vonsacken, U.; Michal, C. A.; Dahn, J. (42) Yabuuchi, N; Sundeep, K.; Li, H. H.; Kim, Y.-T.; Shao-Horn, X.
R. Solid State lonic4991, 46, 243. Electrochem. SoQ00§ in press.
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Figure 4. Experimental electron diffraction patterns collected from the pristineddMno sO. sample, which are indexed along the (a) TR zone axis
and (b) [B1]4ex. zOne axis. Superlattice reflections consistent with #88Hex. X v/3aHex. X Chex, SUpercell are marked by white stars.

2.0to 4.5V at room temperature (typically 2025 °C), as shown ment results from synchrotron X-ray diffraction data detailed in a

in Figure 2. In addition, discharge capacities for the first 25 cycles earlier study*? which were collected on samples identical to those

collected at various current densities in the same voltage range areused in the electron diffraction experiments or samples extracted

shown as an inset in Figure 2, where no significant loss in the from duplicate cells.

capacity is noted upon cycling. Electrodes made from the pristine

sample have reproducible electrochemical behavior as shown from Results

the results of four duplicate cells. This rechargeable capacity is

slightly smaller than that reported by Makimura and Ohzuku  Pristine LiNiosMnosO2. Single crystal selected area

(approximately 200 (mA h)/g in the voltage range of 2.5 to electron diffraction patterns were collected from 20 randomly

4.55 V at 30°C). It should be noted that electrochemical cycling selected crystals of the pristine LifMnosO, sample, of

conditions such as cycling voltage limit and temperature in this which 95% show superlattice reflections that evidence long-

study are not identical to those used in previous stidfetuding  range ordering in the transition metal layer, consistent with

the voltage range. As charging up to higher voltage can lead o yrayioys studie®®1942Two representative patterns collected

Ie_\rger reversible capac!tles at the same current _d_fensny and thenalong the [O(_)lHex. and [_lél]Hex. zone axes are shown in

higher temperature also increases reversible capatitisshelieved - . "

that the pristine LiNj sMng 50, sample used in this study can have Flgure 4a,b, respectively. In addition JFO fundamental reflec-

electrochemically activity comparable to the samples reported tions of Fhe paren_t hexagonal cell Wlth.Spa}CG gréam,
superlattice reflections (marked by stars in Figure 4a,b) were

previously® i ' ’
Two samples charged to 4.5 and 5.3 V after two complete cycles observed. These superlattice reflections could be indexed

and two discharged samples that that were cycled to 4.5 and 5.3 vconsistently to the/3aex. X +/38kex. X Chiex superstructure
for five complete cycles were selected for electron and synchrotron With space groupP3,1281° where the crystallographic
X-ray powder diffraction experiments. To ensure sample homoge- relationship between the parent and the superstructure has
neity, electrochemical cycling was conducted &/50 rate (0.027 been described in detail previoushThe (11)nex. planar
mA/cm?). The compositions of the 4.5 V charged and discharged spacingsl(= 3n,n=0, +1, 42, ...) in the parent hexagonal
samples were estimated to bg Mo sMno.s0, and Lo gNio sMnosO; structure are tripled by the presence of superlattice reflec-
by assuming 100% Columbic efficiency upon charge and discharge, tions, which is in good agreement with the simulated patterns
respectively. However, the Li compositions in the 5.3 V charged &See Supporting Information Figures Sla,b for simulated
and discharged sample cannot be estimated accurately as a resu . - '

» . electron diffraction patterns). The appearance of these
of electrolyte decomposition at voltages greater thdr6 V (Figure . . L . .

superlattice reflections is indicative of ordering of the cations

2). It is believed that the 5.3 V charged sample had a composition ; - . . . o
of Li,NigsMno <0, (x = ~0) and the 5.3 V discharged sample had N the transition metal layer into the Li-rich and Li-deficient

a Li content,x, equal to or greater than0.8 by assuming 100%  Sites in the trigonal lattic&:*

Columbic efficiency upon the last discharge. Electrochemically Charged LikNigsMnosO, Samples.
Cycled LiNiggMng 5O, electrodes were recovered from the coin  Electron diffraction patterns were collected from 26 randomly
cells inside the glovebox, which were then rinsed thoroughly with selected crystals in each of the charged samples to 4.5 V

diethyl carbonate to remove the electrolyte salt. Transmission (LigNigsMngsO,) and to 5.3 V (LiNigsMngsO, and x =

electron microscopy (TEM) samples were prepared by suspending~.Q). Electron diffraction patterns of these charged samples

the powder from the positive electrodes onto a copper grid with \vere examined, and the observed superlattice reflections

lacy carbon. Single crystal selected area electron diffraction patternsyitfered from the pristine sample in the following three ways.

were collected from the samples under an accelerating voltage of . L .

200 keV on a JEOL 200CX or JEOL 2010 microscope. Selected First, a significant percentgge of the cry§tals n thgse charged
samples no longer exhibited superlattice reflections of the

area electron diffraction patterns were collected from 20 to 30 /3 /3 S d a fracti fh
randomly selected single crystals within each sample, which were Arex. X Brex. X Criex. type. Second, a fraction of the

obtained from multiple electron diffraction experiments. Simulation Crystals showed the appearance of superlattice reflections that
of single-crystal electron diffraction and X-ray powder diffraction l€ads to doubling of some interplanar spacings in the parent
patterns was performed using CaRlIne Crystallography software. Structure, which cannot be indexed to #18auex. x v/3aex.
Electron diffraction data were compared with the Rietveld refine x Cpex. Supercell. The appearance of these superlattice
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Figure 5. Experimental electron diffraction patterns exhibiting only fundamental reflections collected (a) from the 4.5 V charged samiilgsiiing sO2),
which is indexed to the Bil]nex. zONe axis, and (b) from the 5.3 V charged samplgNLdsMng 5Oz, X = ~0) sample, which is indexed to the [4%dx. zone
axis. Superlattice reflections expected for tH8apex. X v/3aHex. X Chex. SUpercell in the marked reciprocal directions have disappeared.

[ds‘l]-".'f::-:t

Figure 6. Experimental electron diffraction patterns exhibiting doubling superlattice reflections collected from the chardégsMno sO. sample to 4.5
V along the (a) [45]kex. zONe axis and the (b) [8Li2x zone axis.

reflections is more predominant in the 4.5 V charged sample superstructuré® This observation is indicative of changes
than in the 5.3 V charged sample. Finally, superlattice in the long-range ordering in the transition metal layer of
reflections unique to the O1 phase, which were reported Li,NiysMnosO, during Li de-intercalation (upon charging),
previously for highly de-intercalated JG0Q,* and Li- which will be discussed in detail in later sections.
NiO,*'“ (x = ~0) samples, were found in some patterns  aphearance of Doubling Superlattice Reflectionis.
collected from the 5.3 V charged sample but not in the 4.5 addition to the disappearance of th8auex x +/3auex. X
v charged sample. CHex. Superlattice reflections, extra reflections that were
Disappearance of the/3aue: x v/3aue. X Crex SUPEr-  indicative of doubling of some interplanar spacings of the
lattice Reflections.Not only were the mte_nsme_s of the parent structure, such as the (1@ and (11)uex planar
V/3agex. X v/3anex. X Chex, SUperlattice reflections in the 4.5 spacings (= 2n, n = 0, £1, £2, ...), were noted in the

and 5.3 V charged samples weakened considerably inga0ed samples. The presence of these superlattice reflec-
comparison to those observed for the pristine sample, and &;,\s"is indicative of long-range ordering of cations in a
significant fraction of crystals exhibited only fundamental

reflections of the parent structure. Representative electron
diffraction patterns from the 4.5 and 5.3 V charged samples
along the [81]uex. and [4511ex. ZONe axes are shown in
Figure 5a,b, respectively. Superlattice reflections that are
expected for the/3apex. X v/3aHex. X Chex. SUpercell in the

hexagonal 8ex. X 2apex. X Chex. SUPercell or a monoclinic
Awon. X awon, X Cmon. Primitive cell analogous to that reported
previously for LpsC00,.?2 Two representative electron
diffraction patterns from the 4.5 V charged sample collected
along the [45)ex and [8124e, zone axes are shown in

marked reciprocal directions were not observed. In addition, Figure 6a,b, respecﬂ_vely. Fundgmental reflgctlons of.the
the 5.3 V charged sample having many fewer crystals parent structure are indexed while superlattice reflections

(~19%) showed the/3auex x v/38uex X Crex SUPETlattice (marked by stars) cannot be indexed ponsistently to the
reflections than the 4.5 V charged' samp’réSB%). The V/3atiex. X v/3arex X Criex Supercell (see simulated electron
weakening and disappearance of these superlattice reflectiondifiraction patterns in Supporting Information Figure S2a,b).
in the charged samples reflect decreased contrast in thdt Should be mentioned that these types of superlattice
averaged electron scattering factor between the Li-rich and"€flections were found to coexist with those of thSayer.

Li-deficient sublattices of the/3auex. X ~/38Hex X Chex. X v/3aex. X Cuex. SUPercell in some crystals of the 4.5 V
charged sample. Similar superlattice reflections were found

(43) Croguennec, L.; Pouillerie, C.; Delmas, $olid State lonic200Q in much fev_ver crystals of the 5.3 V ch_arged sample._ Two
135, 259. representative patterns are shown in Figure 7a,b, which are
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Figure 7. Experimental electron diffraction patterns exhibiting doubling superlattice reflections collected from the chaiggMrio sO, (x = ~0) sample

to 5.3 V along the (a) [P1]nex. zone axis and the (b) [243d«. zone axis.

TM Layer 7
o
LiLayer ¢ e

Wrwrwrmr

Figure 8. (a) Experimental electron diffraction patterns of the O1 phase collected from chargéid sMngsO, (x = ~0) sample to 5.3 V along the
[001]4ex. zone axis. (b) Schematics of the O3 with cubic-close-packed oxygen arrays and the O1 structure with hexagonal-close-packed oxygen arrays.

indexed to the [21]nex. and [241}ex. zONE axes, respectively.
They cannot be explained consistently by #8aye, x
V/3asex. X Crex. SUpercell (see simulated patterns in Support-
ing Information Figure S3a,b). It should be noted that
doubling superlattice reflections of (1Q4) are either
extremely weak relative to other superlattice reflections
(Figure 6a) or not visible (Figure 6b) in the charged samples.
For example, the [24]]x zone axis pattern in Figure 7b
clearly shows doubling superlattice reflections (marked by
white stars) of the (102ex and (110)ex. planes, while those

of (104)4ex. are not observable. Possible long-range cation

of primary O3 and minor O1+10% by volume) phases in
the 5.3 V charged sample in the synchrotron X-ray data.
should be noted that both the electron diffraction and
synchrotron X-ray diffraction data are not consistent with
the H1-3 structure. The O1 phase was not so clearly observed
in the neutron diffraction study of the 5.3 V charged sample,
because most of the reflections unique to O1, were hidden
under the reflections due to graphite (which was added to
cathode material in this stud¥).Careful inspection of the
neutron diffraction pattern of the 5.2 V charged sample after
the work was reportéd did, however, reveal the presence

ordering, which is responsible for the appearance of theseof a small concentration of the O1 phase. Removal of all Li

superlattice reflections in the charged samples, will be
discussed in detail in later sections.

Appearance of Extra Reflections for the OJe,ax anex.
x Chex. Cell. Additional reflections (marked by white stars),
indicative of a primitiveauex. X anex. X Chex. C€ll, were found
in the [001],x pattern collected from the 5.3 V charged

and Ni ions in the Li layer leads to the sliding of transition
metal slabs that forms the O1 structure with hexagonal-close-
packed oxygen arrays, which is shown in Figure 8b. As
expected, the O1 phase was not found in the 4.5 V charged
sample (Lb2NipsMngsO,) as a considerable amount of lith-
ium remains in the layered structure. Electron diffraction

sample, as shown in Figure 8a. The pattern cannot be indexedgimulation analyses show that the parent O3 structure with

to the v/3anex. X v/3aHex. X Chex. SUpercell. These extra
reflections were found one-third of the way between the
diffraction center and the (30Q) fundamental reflections.
They can be indexed consistently to the O1 structure with
AB AB AB ... oxygen packing having the space grde@mi
(see Supporting Information Figure S4). Electron diffraction
evidence of the O1 formation in the 5.3 V charge@d\ij s

Mno O, sample x = ~0) is further supported by recent
synchrotron X-ray diffraction data, which reveal three small

space groufR3m and the O1 phase with space grde@mi
have similar patterns along many zone axes, which cannot
be distinguished by electron diffraction data of this study.
Therefore, patterns that have zone axes other than{§01)
which do not exhibit any superlattice reflections, can be
indexed to either the O3 or the O1 structure. The observa-
tion of the O1 phase is consistent with the notion of Ni
migration from the Li layers, as any residual Ni would be
expected to pin the transition metal slabs, preventing O1

diffraction peaks unique to the O1 phase and the coexistenceformation.
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Figure 9. (a, b) Two different experimental electron diffraction patterns collected from the 4.5 V discharged sample, which are indexed aléfigidhe [2
zone axis. Doubling and tripling superlattice reflections are marked by one and two stars, respectively. (c) Proposed cation ordesing. iR #agn. x
Cmon, supercell with space group2/m and (d) three variants of the proposed ordering.

(@) o :Li-rich with some Ni (b) showed the doubling superlattice reflections. Moreover, none
B : Li-deficient of the patterns collected from the discharged samples
[ exhibited the additional reflections that are consistent with
the O1 structure.
A number of electron diffraction patterns in the discharged
samples can be indexed to either a hexagoaak2x 2apex.
X Chex. SUpercell or a monoclini@yoen. X awon. X Cwmon.
primitive cell. Quite a few electron diffraction patterns with
doubling superlattice reflections show unique evidence for
cation ordering in th@won, X awion. X Cwmon. Cell. For example,
Figure 10. Schematics of (a)/3auex x v/3awex. x Crex. Ordering of Li- one of the [21]yex. zone axis patterns collected from the
rich and Li-deficient sites in the transition metal layer in the pristine sample 4.5 V discharged sample is shown in Figure 9a, where

and (b) such ordering in the charged samples after Ni ions migrate into . . A _
previously Li-rich sites in the transition metal layer upon charging. The doubling superlattice reflections of the ()0 planes are

intensity reduction of the superlattice reflections is a result of the decreasing present and those of (11Q) and (104).x. are clearly absent.
contrast between the andp sites. The absence of doubling superlattice reflections of the
(110)ex. planes in this zone axis excludes the. x 2auex.

X Chex. SUPercell. It is also interesting to note that doubling
superlattice reflections of (104 are either weak or absent

in the discharged samples. Discussion of possible cation
distributions and long-range ordering will be presented in
detail in the next section.

Electrochemically Discharged LiNigsMnosO,. Electron
diffraction patterns were collected from 25 randomly selected
crystals of the Lj dNio sMng 0, sample that was discharged
to 2.0 V from 4.5 V and from 20 crystals from the discharged
LixNig sMng 50, sample (after cycling to 5.3 Vi > 0.76).
Similar types of superlattice reflections were observed in the
discharged samples as compared to the charged samples. It
was found that~80% and~55% of the crystals exhibited
the v/3auex. X v/3anex. X Crex, SUperlattice reflections in the Evidence for Nickel Migration upon Cycling. Nickel
4.5 and 5.3 V discharged samples, respectively. In addition, Migration from the Li to the Transition Metal Layer upon
~28% of the crystals from the 4.5 V discharged sample and Charging.In the pristine LiNysMng 0, sample, Li, Mn, and
~35% of the crystals from the 5.3 V discharged sample Niions in the transition metal layer are ordered into Li-rich

Discussion
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and Li-deficient sites in the trigonal lattice, as shown in 0.50 - . . 0.03
Figure 10a. The contrast in the average scattering intensities @ 3a site in the transition

of these two sites gives rise to thé3ayex, X v/38Hex. X 0.45 |- | metallayer

Crex. SUperlattice reflections as shown in Figure 4a,b and by e, N

previous studie&®1°Li MAS NMR studies® have revealed 040 - JURtn 1002

that Li ions can be removed from both Li and transition metal
layers and that all of the Li in the transition metal layer can
be removed upon charging to ol4NigsMngsO,. De-
intercalated Li ions create vacant sites in the transition metal

V—
from ref. 12
(6¢ site; x = 0.33)

0.10

ancy of Ni at Octahedral Site

Occupancy of Ni at Tetrahedral 6¢ Site

layers, which would slightly increase the contrast in the § 0.05 L ‘ PR

average scattering factor between these two sites as compared Nt

to that in the pristine sample and would not lead to reduced . . 000
intensities of they/3apex. X +/3auex. X Cuex. SUpeTlattice N 45V 45V
reflections. Experimentally observed weakening or disap- Pristine e Sy e
pearance of these superlattice reflections in the charged

samples is indicative of decreasing long-range ordering in a0 - . - 23
the transition metal layer. Reduced ordering in t/8aex. (b)

X +/3anex. X Chex. Supercell might be attributed to the 29| o 12 422
following two scenarios upon charging: (1) in-plane move- ) (x=033) _
ments of Ni and Mn ions in the transition metal layer, which < a8l 154 %
result in a random distribution of Ni, Mn, and vacancies, § ]
and (2) Ni migration from the Li layer to fill the vacant sites % %
left behind by de-intercalated Li ions in the transition metal ‘7’ 27r 1%° @
layer. Both cases can decrease the contrast in the average3 E
scattering intensity between these two sites in comparison 26| J19

to that of the pristine sample, as shown in Figure 10b.

Synchrotron X-ray powder diffraction analyéésf these 25 . . . 18
charged samples reveal a significant increase in the Ni » 45V - 45V
occupancy (octahedral 3a sites) of the transition metal layer. Pristine c('laigcef_ o) “'S(i“:‘g‘f_‘if;?‘e
Cation occupancies in the octahedral and tetrahedral Siteﬁzigure 11. (a) Ni occupancy in the octahedral and tetrahedral sites and
found in the pristine and 4.5 V charged ¢kNip sMng s02) (b) the change in Li@and MeQ slab space obtained from Rietveld analysis

samples are shown in Figure 11a. Therefore. both synchro-Of synchrotron X-ray diffraction patterns of the pristine, charged 4.5 V,
X der diff : del diff o | and discharged 4.5 V samples (details can be found in an earlier*4tudy
tron X-ray powder diffraction and e eCtrQn _' ra_Ct|on results The samples used for synchrotron X-ray powder diffraction experiments
support the concept of the onset of Ni migration from the were either identical to those used for electron diffraction or obtained from
Li layer into vacant sites in the transition metal layer even duplicate cells. A Lisdio sVino £O, sample obtained from charging to 4.3
. V reported previoush? is also shown for comparison.
upon charging to voltages equal to or lower than 4.5 V.

Oxidation of N?* ions in the Li layer, having similar ionic 100% ' ' ' ' '

radii to Li* ions, to smaller Nit (0.56 A) or N+ (0.48 A) 90% -
ions is not favored relative to those in the transition metal

layer. In particular, the Li (LiQ) slab space is increased 80% A
considerably upon charging~6% to 4.5 V), while the 70%

transition metal slab space is reducedbfs to 4.5 V), as
shown in Figure 11b. Ni and Ni ions are likely to be
more stable in the transition metal layer than in the Li layer
in the samples charged to these high voltages. Therefore,
similar to previous studies in lithium nickel oxidé&sit is
hypothesized that Ri ions in the transition metal layer are
preferentially oxidized relative to those in the Li layer upon
charging. N&* in the Li layer could move into the tetrahedral 20% -
sites that face share with a vacant octahedral site in the
transition metal layer, migrate, and fill the octahedral vacancy

upon further oxidation to Ni- or Ni** as suggested previ- 0% -
ously27:42 Prisine  45VC. 53VC. 45VD. 53VD.

Samples

60%

50%

40% -

% of Crystals

30%

10%

The fraction of crystals exhibiting the'3asex. X v/3aex.
X Crex, SUperlattice reflections can be indicative of the amount Figure 12. Comparison of the percentage of crystals exhibiting3vex
x +/3aHex. X Chex, type superlattice reflections in the pristine, 4.5 V charged,
of Ni ions that have migrated into the transition metal layer s 3'v charged, 4.5 V discharged, and 5.3 V discharged samples.
upon cycling. The fraction of crystals showing tkiSayey.
x +/3aHex. X Chex. SUperlattice reflections is significantly — consistent with the increased Ni occupancy in the transition

reduced upon charging to 4.5 V in Figure 12, which is metal layer from Rietveld refinement in Figure 11a. It should
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be mentioned, however, that the recent neutron diffraction MnysO, samples. This argument is in agreement with our
analyses showed no evidence for significant Ni migration observations that the intensities of thi@auey. x v/3auex. X

to the transition metal layer in an electrode sample chargedcuex. Superlattice reflections vary among different crystals
to 4.6 V. As the extent of Ni migration is strongly correlated in the charged samples, and only a fraction of th\lds

to Li content and valence state of Ni ingNigsMng 5Oz, this Mng 5O, crystals has transformed to the O1 phase (indicating
discrepancy can be attributed to the fact that the chargedsignificant migration of the Ni ions from the Li layer to the
sample used for neutron diffraction had a considerably higher transition metal layer in these crystals) upon charging to
Li amount (L sdNiosMng s0;,) than the electrode (biNig s 5.3 V.

MnosO;) charged to 4.5 V in this study. Upon charging from  Nj Migration from the Transition Metal to Li Layer upon
4.51t0 5.3 V, the fraction of crystals exhibiting thé3arex. Discharge Ni migration appears to be in part reversible upon
x +/3arex. X Crex. SUperlattice reflections is reduced further, discharge. The fractions of crystals with thé3auex x
as shown in Figure 12. This observation suggests that./3a,., x cue superlattice reflections in the discharged
charging to voltages higher than 4.5 V induces additional samples are considerably higher than those of charged
Ni ions to migrate into the transition metal layer. This is in  samples, as shown in Figure 12. This observation suggests
good agreement with the decrease in Ni occupancy in thethat a fraction of Ni ions that migrate into the transition metal
Li layers from ~0.10 to 0.024 per formula unit seen by layer upon charging moves back to the Li layer upon
neutron diffraction upon charging to 5.2 V with a final discharge. Although some Ni ions move back to the Li layer
composition of L eeNiosMno s02.2” In some crystals of the  upon discharge, the discharged samfSldsave reduced
5.3 V charged sample, all of the Ni ions in the Li layer may interlayer mixing and increased Ni occupancy in the transi-
be removed and displaced into vacant octahedral sites in thetion metal layer in comparison to the pristine sample, as
transition metal layer as evidenced by the appearance of theshown in Figure 11a. This result is consistent with recent
O1 phase in some crystals of the 5.3 V charged sampleX-ray and neutron diffraction analyses of discharged elec-
(Figure 8), where nearly all of the Li ions are removed and trodes cycled to 5.2 ¥7 where the fraction of Ni ions in the
nearly all of Ni ions are oxidized to Ki and located in the  Li layer is reduced by~4% per formula unit relative to the
transition metal layer. pristine sample. Recent first-principles and NMR results have
The process of Ni migration can occur over a wide range suggested that the stability of Ni ions in the transition metal
of voltages upon charging. The onset of Ni migration occurs layer may be dependent on its nearest cation neighbors and
at voltages equal to or lower than 4.5 V, and some Ni ions May decrease with increasing Mmeighbors?’ It has been
remain in the Li layer even upon charging to 5.3 V, as Proposed that Nf surrounded by six Mft are the most
evidenced by electron diffraction (Figure 12) and synchrotron likely to migrate back to the Li layer upon discharge.
X-ray powder diffraction dat& The magnitude of the After cycling to 5.3 V, fewer crystals in the discharged
voltage that can induce Ni migration from the Li layer to electrode exhibit the/3apex. X +/38Hex. X Crex, SUPETrlattice
the transition metal layer via the tetrahedral sites may dependreflections in comparison to the 4.5 V discharged electrode
on local cation arrangements of Ni in the Li layer. If &Ni (Figure 12). This observation may suggest that more Ni ions
ion were located in an octahedral site in the Li layer, sharing are permanently displaced into the transition metal layer in
an edge with a vacant octahedral site in the transition metalthe 5.3 V discharged sample in comparison to electrodes
layer (Figure 2), it could hop into the adjacent tetrahedral cycled to 4.5 V. Our electron diffraction observations are in
site of the Li layer that is face sharing with the vacant agreement with electrochemical cycling results, which show
octahedral sité® Ni?" ions in these tetrahedral sites have that electrodes first exposed to 5.3 V have improved
been shown to move into the vacant octahedral site in thereversible capacities and rate capability during subsequent
transition metal layer upon oxidation without any energy cycling to 4.5 V#? Increasing layered character (reducing
barrier?” They may move into the transition metal layer at cation disorder or interlayer mixing) can enhance the rate
voltages equal to or lower than 4.5 V. However, if an capability of similar layered compounds as shown recently
octahedral Ni ion in the Li layer did not edge share with by studies of ion-exchanged LijiMno 5O, and LiNise
octahedral vacancy in the transition metal layer (for example, Mno 440, samples? which have small amounts of cation
only shared corners with octahedral vacancies in the transi-disorder (~0.04—0.06 per formula unit).
tion metal layer), migration of such Ni ions would be  The physical origin of the ifference in the Ni stability
kinetically difficult as they need to go through adjacent hetween the 4.5 and the 5.3 V charged samples is not fully
tetrahedral sites in the Li layer, which face share with understood. We postulate that structural differences between
adjacent, filled octahedral sites in the transition metal layer. these two samples may influence Ni stability in the adjacent,
First-principles studies have shown the activation barrier for face-shared tetrahedral sites in the Li layer upon discharge,
Ni hopping through such tetrahedral sites can be as high aswhich may play a key role in the Ni stability in the transition
1 eV?"These Niions in the Li layer that are positioned more metal layer. The occupancy of Li (as revealed by recent
distant from octahedral vacancies in the transition metal layer neutron diffraction datdj and Ni (Figure 11a) ions in the
may migrate upon charging to voltages considerably higher tetrahedral sites of the Li layer in the 4.5 V charged sample
than 4.5 V. Local environments of octahedral Ni in the Li js accompanied by a relatively large Li slab space, as shown
layer with and without an edge-shared octahedral vacancy

in the transition metal layer will vary from region to region (44) Schougaard, S. B.; Breger, J.: Jiang, M.; Grey, C. P.: Goodenough, J.
within one crystal and from crystal to crystal in theNig = B. Adv. Mater. 2006 18, 905.
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100% : . . . that showed superlattice reflections of the monoclamien.

] X @mon. X Cwmon. type. Long-range ordering of Li, Ni, and

] vacancy in the tetrahedral and octahedral sites of the Li layer
80% . can give rise to the appearance of similar superstructures.

70%_' i Proposed Models of Tetrahedral and Octahedral Ordering.
Long-range ordering of one cation-rich and one cation-
] | deficient site in the tetrahedral and octahedral sites of the Li
50% 4 4 layer can give rise to doubling superlattice reflections of the
28Hex. X 28Hex. X CHex. @N0amon. X Amon. X Cmon. types. Here
] we introduce and discuss four different structural models,
4 as shown in Figure 14ed. Upper (pointing down) and lower
(pointing up) tetrahedral sites may be occupied partially by
Li or Ni every other row in Figure 14a. In this first model,
] octahedral cations and vacancies can be randomly distributed
in the transition metal and Li layers, where white spheres
correspond to octahedral cations (Li or Ni) in the Li layer.
Such ordered arrangements can be described dya x
avon. X Cmon. Monoclinic cell with space group2/m, as
Fi . . - . Mo : ! ]
e S5 v 253 Shown in Figure 14a. The detailed rystalographic reltion
discharged, and 5.3 V discharged samples. ship between the parent and tagon. X avon. X Cwon. Cells
has been reported previoudhin the second model, we have

in Figure 11b. Such a large Li slab space may allow Niions empty and half partially occupied rows in both upper and
to move out of octahedral sites in the transition metal layer lower tetrahedral sites, where octahedral cations and vacan-
and occupy adjacent, face-shared tetrahedral sites in the Licies are randomly distributed in the transition metal and Li
layer upon reduction to Rf during the initial discharge and  layers, as shown in Figure 14b. Such ordering can be
migrate into the Li layer upon further lithium intercalation. described by a hexagonaf2x x 2auex. X Cuex. SUpercell
Although the Li slab space of the O1 ;NMngsO, phase with space grougR3m. Similar long-range ordering in the
could not be obtained from refinement of synchrotron X-ray octahedral sites of the Li layer can give rise to the appearance
powder diffraction dat4? the O1 structure has a much of these two superstructures, as shown in Figures 14c,d.
smaller distance between adjacent transition metal layersOctahedral sites of two different occupancies (of Li and Ni)
(4.68 A) than that (4.72 A) in the O3 structure of the 5.3 V in the Li layer are ordered every other row, and octahedral
charged sample. This observation is in good agreement withcations and vacancies are randomly distributed in the
previous studies in that O1 Ce® and O1 NiQ3¥743 transition metal layer, which can be described by the
structures exhibit a markedly reduced lattice parangigr monocliniCayon. X avon. X Cvon. CEll With space grou2/
than observed in the slightly intercalated phases. Assumingm. Alternate rows of partially occupied octahedral sites and
that the thickness of the transition metal slabs is primarily vacancies are shown in Figure 14c. Similar configurations
determined by the valence of Ni and Mn, one may argue have been reported for ordering of one Li to one vacancy in
that the large change in the lattice parametgs or the  LiosCoQ,??and LipsNiO,.2%3In the fourth model, octahedral
distance between adjacent transition metal layers results fromsites may be occupied partially every other row, and every
considerable reduction in the Li slab space. In addition, the other octahedral sites within each partially occupied row may
Li slab space (4.79 A) in the O3 structure of the 4.5 V be filled, where octahedral ions and vacancies are also
charged sample is much larger than those of the O3 and O1randomly distributed in the transition metal layer. Such
phases in the 5.3 V charged sample. Therefore, it is ordering of octahedral sites with two different occupancies
hypothesized that small Li slab space may lead to undesirablein a ratio of 1:3 can be described by the hexagowmak2 x
Ni—O bond length in the tetrahedral sites and make reverse2aex. X Crex. SUpercell with space grouR3m, as outlined
Ni migration from octahedral sites in the transition metal in Figure 14d. This superstructure has been reported §gLi
layer to adjacent, face-sharing tetrahedral sites unfavorableNiO2,?3 which consists of one Li to three vacancy ordering.
upon reduction to Ni* during the initial discharge. This may  The same supercell definition can also be used to describe
stabilize more Ni ions in the transition metal layer in the three Lito one vacancy ordering ind#NiO.2®
5.3 V discharged sample relative to that cycled to 4.5V.  We use electron and X-ray diffraction simulation to

Evidence of New Long-Range Ordering of Cations in examine different cation arrangements in these two super-
Cycled LixNipsMnos0,. The fractions of crystals in the cells, identify unique diffraction features of each long-range
charged samples, which exhibit doubling superlattice reflec- cation ordering and compare these features with experimental
tions of the hexagonal @ex. X 2apex. X Chex. OF the diffraction data. One significant difference in the simulated
monoclinicamon. X a@mon. X Cmon. type, are summarized in  electron diffraction patterns of these superstructures is the
Figure 13. These superlattice reflections were found much intensity of the doubling superlattice reflection arising from
more prevalent in the 4.5 V charged samplte42%) in the (104)ex. fundamental reflection relative to the other
comparison to the 5.3 V charged samplelR%). The 4.5 superlattice reflections, for a given occupancy of transition
and 5.3 V discharged samples had similar fractions of crystalsmetal ions on the octahedral and tetrahedral sites. In case of

90% .

60% .

40% .

% of Crystals

30% A
20% 4
10% - -
0% -
4.5V C. 5.3V C. 4.5V D. 5.3V D.
Samples
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Figure 14. (a) Schematic of one ordered arrangement on the tetrahedral sitesacthe avon. x Cwmon. supercell with space group2/m. (b) Schematic

of one ordered arrangement on the tetrahedral sites indfi@ X 2aqex. X Chex. SUpercell with space groug8m. (c) Schematic of one ordered arrangement
on the octahedral sites in thagon. X amon. X Cvon. supercell with space group2/m. (d) Schematic of one ordered arrangement on the octahedral sites in
the 2Bpex. X 28Hex. X Chex. SUpercell with space groug3m.

tetrahedral ordering, the intensity of the (1Q4)doubling 0.06 Ni per formula unit were placed in the partially occupied
superlattice reflections is zero if (1) cations and oxygen were tetrahedral sites of the Li layer (Figures 14a,b) or in the
located in the ideal positions of these tetrahedral sites partially occupied octahedral sites in the Li layer (Figures
(oxygen, 6¢ site = 1/4, and cations, 6c¢ site= 1/8) and 14c,d). As expected, random distributions of Ni and Li ions
(2) the average occupancies of cations in the upper and loweron the tetrahedral and octahedral sites do not lead to the
tetrahedral sites were identical. Weak (1Q4)doubling appearance of any superlattice peaks, as shown by the two
superlattice reflections might be found when these two above bottom patterns in Figure 15c. Although tetrahedral ordering
conditions are not met. On the other hand, ordering in the leads to the appearance of many superlattice peaks similar
octahedral sites leads to strong (1@4)doubling superlattice  to those of octahedral ordering, such as that of the ¢LQ8)
reflections, which have the second strongest intensity amongplanes, the (104)x. doubling superlattice reflections is
all superlattice reflections with the (1QR). reflections being absent. In contrast, octahedral ordering in thgeR X 2anex.

the strongest. This difference can be visualized in the x Cuex supercell R3m) and theayon, X amon. X Cuon, SUpercell
structural projections along the (04@) direction. As shown (P2/m) leads to strong (104« superlattice intensities relative

in Figure 15a, ordering in the tetrahedral sites does notto other superlattice peaks, as shown by the third and fifth
change the periodicity of the (1Q4). planes and doubling  patterns from the bottom in Figure 15c. Therefore, the
of the (104)x. planes is not expected. On the other hand, appearance and the intensity of the (1Q@4)doubling
tetrahedral ordering changes the periodicity of the (4Q8)  superlattice reflection in the experimental electron diffraction
planes, which leads to the presence of doubling superlatticepatterns may be used to distinguish ordering on the octahedral
reflections in this reciprocal direction. In contrast, ordering and tetrahedral sites.

in the octahedral sites changes the periodicity of the ¢LQ4) We now combine cation occupancies, simulated electron
and (108)ex. planes, which can lead to the appearance of and X-ray data of different superstructural models, experi-
doubling superlattice reflections in both reciprocal directions, mental electron diffraction results, and electrochemical
as shown in Figure 15b. This difference in the intensity of measurements reported previod3ff+?to discuss likely

the (104)x. doubling superlattice reflections can be noted ordering schemes in the charged and discharged samples.
clearly in the simulated X-ray powder diffraction peak Long-Range Ordering in the Charged SampM& first
intensities of different tetrahedral and octahedral ordering focus on the 4.5 V charged ¢iNigsMnesO, sample.
configurations, as shown in Figure 15c. In the simulation, Although it had a relatively high fraction of crystals
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(a) tetrahedral site ordering (b) octahedral site ordering
doubling of the (108),., planes doubling of both (104),..
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Figure 15. Schematic illustrations of LNipsMngsO, structure projected along the [01@] zone axis for (a) tetrahedral ordering, where the (484)
planes are not doubled and the (1@8)planes are doubled, and (b) octahedral ordering, where both sets of planes are doubled. (c) Simulated X-ray powder
diffraction patterns of four superstructural models in Figure 14a,d and structures with a random distribution of tetrahedral or octahedral ions.

exhibiting superlattice reflections characteristic to g, in the 4.5 V charged sample. Given the best distributions
X @mon. X CMon. OF 28Hex. X 28Hex. X CHex. SUpercell, no for long-range ordering in the tetrahedral and octahedral sites,
superlattice peaks were found in the synchrotron X-ray octahedral ordering would lead to strong (1Q4)superlattice
powder diffraction data of this sample. This sample was reflections while tetrahedral ordering would lead to extremely
shown to have 0.03 Ni per formula unit in the tetrahedral weak or zero intensities for the (104). superlattice reflec-
sites of the Li layer (Figure 11a), which is in good agreement tions. As the doubling superlattice reflections of the (104)
with the work of Arachi et al. showing 0.02 Ni per formula planes were either absent (Figure 6b) or very weak (Figure
unit in a Lig.2dNipsMno sO., electrode charged to 4.3 ¥.In 6a) relative to other superlattice reflections in the experi-
addition, it is believed that a considerable amount of Li ions mental patterns, it is proposed that these superlattice reflec-
may similarly exist in the tetrahedral sites of the Li layer in tions found in the 4.5 V charged sample could be attributed
the 4.5 V charged sample as recent neutron diffraction studiesprimarily to ordering of Li, Ni, and vacancies in the
reveal a considerable amount of tetrahedral Li ions (0.12 tetrahedral sites of the Li layer.

per formula unit) in the 4.6 V charged dddNiosMng sO; Simulated patterns of tetrahedral ordering in &g, x
sample?” Moreover, 0.03 Ni per formula unit (Figure 11a)  amon. X Cmon. aNd Zex. X 28Hex. X Crex. SUPercells along the
and presumably the remaining Li ions are located in the Li equivalent zone axes of the experimental pattern in Figure
octahedral sites. Therefore, N+(Q.03 per formula unit)and  6a show that the doubling superlattice reflections of the
Li (~0.10 per formula unit) occupancies in the tetrahedral (104}« reflections are absent (see Supporting Information
sites of the Li layer are similar to those of octahedral sites Figure S5a,b). In contrast, simulated electron diffraction
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patterns of octahedral ordering in tB@on. X @wion. X Cmon. Li occupancies on the octahedral sites of the Li layer are
and Zuex. X 2apex. X Chex. SUpercells show the appearance considerably greater than those in the tetrahedral sites of the
of doubling superlattice reflections of the (104)type (see Li layer in the discharged samples. It should be noted that
Supporting Information Figure S5c¢,d). In addition, it should Ni and Li occupancies in the tetrahedral sites in the
be noted that the intensity of the (1Q4) doubling super- discharged samples are similar to those found in the 4.5 V
lattice reflections for octahedral ordering in the simulated charged sample.
X-ray powder diffraction patterns is strong relative to those  As synchrotron X-ray powder diffraction patterns of the
of the other superlattice reflections (the third and the fifth 4.5 and 5.3 Vv discharged samples do not reveal any
patterns from the bottom in Figure 15c). As experimental superlattice reflections, the extent of octahedral N0 06—
electron diffraction observations in Figure 6a,b show zero 0.07) ordering in the Li layer may not be significant in the
or weak intensities for the (104 superlattice reflections,  |ong range. In addition, experimental electron diffraction
it is proposed that long-range ordering of Li, Ni, and patterns collected from the discharged samples did not exhibit
vacancies in the tetrahedral sites of the Li layer may be more strong superlattice reflections of the (104)planes. How-
significant than octahedral ordering in the 4.5 V charged ever, ordering of Li on the octahedral sites cannot be
sample. As additional Li ions are removed from the structure excluded, and it may occur in the discharged samples as a
and additional Ni ions migrate into the transition metal layer result of electrostatic forces among cations in-plane in the
upon charging from 4.5 to 5.3 V, tetrahedral occupancies of Lj layer. Therefore, tetrahedral and octahedral ordering of
Li and Ni in the Li and transition metal layers are reduced Lj, Ni, and vacancies may coexist in the layered structure
and thus tetrahedral ordering may become diminished. Thisand be responsible for the appearance of these superlattice
argument is consistent with our observation that very few reflections in the discharged samples.
crystals examined from the 5.3 V sample show these Ag shown in Figure 9a, the presence of doubling super-
doubling superlattice reflections (Figure 13). lattice reflections in the discharged samples can be better
Now we examine and discuss if the tetrahedral ordering described by th@won. X awion. X Cmon. CEll (P2/m) than the
can be better described by tha2. x 2auex. X Chex. (R3M) 28Hex. X 28Hex. X Crex. cell (RBM). Such ordering may consist
Of Avion. X &Mon. X Cwmon. SUPercell P2/m) supercell. Anumber  of alternate rows of fully and partially occupied octahedral
of experimental patterns exhibiting doubling superlattice Liand Ni and alternate rows of empty and partially occupied
reflections in the charged samples can be indexed consistentlytetrahedral Li and Ni, as shown in Figure 9c. In addition,
to both supercells. A few can be described uniquely by the multiple orientation states of ordered domains may coexist
28uex. X 23Hex. X Chex. (RBM) supercell. For example, in one crystal. Another [21].ex. zOne axis pattern collected
superlattice reflections of the (192 and (110)ex planes from the 4.5 V discharged samples is shown in Figure 9b,
are clearly visible but not the (104} ones in the [243}. which can only be explained by considering two orientation
experiment pattern (Figure 7b), which can only be explained states of orderegyion. x amon. X Cmon. domains in this crystal
by the Zex. X 28Hex. X Chex. SUpercell R3m) but not the (Figure 9d). There are three independent orientation states
Amon. X @mon. X Cmon. SUpercell P2/m). In the proposed@;ex. (variants) of ordering in th@yon. X awvion, X Cumon. Cell having
X 2aHex. X CHex. (R3BM) superstructure (Figure 14b), no space groupP2/m with respect to the parent cell with
adjacent upper and lower tetrahedral sites are occupied (inrhombohedral symmetryRBm). Ordering in different ori-
contrast to themoen. X awon. X Cmon. SUpercell), which may  entation states may occur within ongflip sMng 5O, crystal
minimize electrostatic repulsion among cations in the during electrochemical cycling, and these variants may exist
tetrahedral sites. In addition, partial occupancies of Ni and within one Li layer and/or in different Li layers. Similar
Li in the two different tetrahedral sites in Figure 14b might microstructures have been reported previously in layergd Li
allow the superstructure to exist over a range of Li composi- CoG,??*>#%and LiNiO,* compounds.
tions. Therefore, it is hypothesized that tetrahedral ordering
in the Zex. X 28nex. X Cex. (R3M) SUperstructure analogous Conclusions
to that shown in Figure 14b is most likely attributed to

doubling superlattice reflections observed in the charged Single-crystal electron diffraction analyses of pristine and
samples. cycled LiNiosMng 50, samples have shown that the fraction

of crystals exhibiting the/3auex. X +/3aHex. X Chex, SUPEI-
lattice reflections significantly decreases upon charging to
4.5 and 5.3 V. The disappearance and weakening of the
V3apex, X v/3aHex. X Crex. SUperlattice reflections can be
explained by Ni migration from the Li to the transition metal
layer and increasing Ni occupancy in the transition metal
layer upon charging to high voltages, which is in good
agreement with previous powder diffraction studie®.The
process of Ni migration occurs over a wide range of charging
voltage as the extent would be dependent on the oxidation

Long-Range Ordering in the Discharged Sampléke
discharged samples have a large number of Li ior& {5~
0.90 per formula unit) on the octahedral sites of the Li layer
and a considerable amount of Ni ions@.06~0.07 per
formula unit) in the octahedral sites of the Li layer (Figure
11a)?"*?In addition, small amounts of Ni~0.01—0.02 Ni
formula unit) may exist in the tetrahedral sites of the Li layer
in the 4.5 V charged sampté??> Moreover, it is believed
that a considerable amount of Li ions may similarly exist in
the tetrahedral sites of the Li layer in the 4.5 V charged
sample as recent neutron diffraction studies reveal a con- :

Siderable amount of tetrahedral Li ions@.04-0.19 per (i) HEr M Wiang. 1 £ Jeng . Ghen, Mater2001 1383
formula unit) in the discharged sampféS herefore, Ni and Delmas, C.Chem. Mater2003 15, 2977.
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state of Ni ions and Li content and the local environments among cations and stabilize the O3 structure upon charging
of Ni ions in the Li layer. Although the onset voltage of Ni  to high voltages. On the other hand, it is proposed that long-
migration and the corresponding Li content of the sample range ordering of Li, Ni, and vacancies in the tetrahedral
cannot be determined in this study, a considerable changesites of the Li layer and long-range ordering of Li and

in the Ni occupancy of the transition metal layer has been vacancies may coexist in some crystals of the discharged
found in the LjNigsMngsO, sample charged to 4.5 V. In  samples that can be described by &gn. X amon. X Cmon.
addition, some crystals of {Nlig sMng 0, electrodes charged  cell with space grou2/m. Partial occupancy of Li and Ni

to 5.3 V have transformed from the O3 to the O1 ($dl ions on the tetrahedral and octahedral sites can allow the
structure, indicating that nearly all the nickel ions may be proposed superstructures to be accommodated and exist over
removed from the Li layer of LNig sMng 0., similar to Li- a range of Li compositions.

CoG;, and LiNIOs. These superstructures proposed for the charged and
Although Ni migration is shown to be partly reversible discharged LiNiosMnosO. samples based on electron dif-
upon discharge, the discharged samples have considerablyraction data were not detected in the synchrotron X-ray

lower amounts of cation disorder or interlayer mixing of Li  powder diffraction data nor in the differential capacity plots
and Ni in comparison to the pristine sample. It is believed of Li/LiNigsMnosO, cells. This is because not only is
that the excellent reversibility of LiNsMnosO,, even with electron diffraction more sensitive to ordering of light atoms
a considerable amount of cation disorde0(10 per formula  and partial occupancy of heavy atoms than X-rays, but also
unit), could be attributed to the mobility and migration of single-crystal electron diffraction analysis can better detect
Ni ions in the layered structure upon Li removal, which can ordered minor phases than X-ray powder diffraction and
facilitate Li diffusion in the Li slab space. Furthermore, electrochemical data that provide average information over
exposing LiNiosMno sO, electrodes to 5.3 V can increase the entire sample. It should be also mentioned that based on
the fraction of Ni ions that permanently remain in the the electron diffraction evidence presented here, we cannot
transition metal layer with respect to cycling to 4.5 V only, exclude long-range ordering configurations other than the
which is in good agreement with improved rate capability ones described in this manuscript nor short-range ordering
of electrodes exposed to 5.3*%The improved stability of of Li, Ni, and vacancies in these materials.

Ni ions in the transition metal layer in the 5.3 V charged
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