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A combination of neutron diffraction (NDfLi magic-angle spinning NMR, electrochemistry, and
first principles calculations have been used to determine and rationalize the structural changes that occur
during cycling of the layered material {(Nip sMno 5)O2 (x = 1), synthesized via the hydroxide route.
ND andSLi NMR experiments confirm that Li is lost from the transition metal (TM) layers, very early
on in the charge process. On charging to higher voltages (above 4.5 V), the Li is lost from the tetrahedral
and residual Li octahedral sites in the Li layers. This process is accompanied by a migration of more
than 75% of the Ni ions originally present in the Li layers into the TM layers, to occupy the sites vacated
by Li. Calculations suggest that (i) these Ni migrations occur via the tetrahedral sites, (ii) activation
energies for migration depend strongly on the original position of the Ni ions in the Li layers though the
driving force for migration is largeX1 eV), and (iii) because neither ¥inor Ni** is stable in the
tetrahedral site, migration will not occur once the Ni ions in the Li layers are oxidized*tod¥iNi**.
Electrochemical measurements (open circuit voltage, OCV, and galvanostatic mode) are consistent with
a high voltage process (approximately 4.6 V) associated with a large activation energy. The new Ni sites
in the TM layers are not necessarily stable, and on discharge, 60% of the ions return to the Li layers. In
particular, Ni ions surrounded by six Nthions are found (in the calculations) to be the least stable.
Because the Li ions originally in the TM layers in the as-synthesized sample are predominantly in this
environment, this is consistent with the Ni migration observed experimentally. Materials charged to 5.3
V can be cycled reversibly with stable capacities of over 180 mAh g

Introduction group R3m, Figure 1af but a considerable amount of Li

- . . .. and Ni is exchanged between the Li(3a) and Ni/Mn(3b)
_ Layered lithium nickel manganese oxides are promising, |4vers due to the similar size of the*Land NP+ cations.
inexpensive, and nontoxic allternatlve positive eilectrode Two compositional strategies exist for reducing the Ni
_matebnals to thicomme;]ual L|CQCE!e|ctrodg ysed |n.L|- content in the Li layer and increasing the layered character
lon batteries. Among these materials, LifWINosO> 1S ot the strycture. (1) The first involves moving toward the
particularly attractive because of its high theoretical capacity Li,MnOs composition by substituting three Ni for two Li

. ) .
E]280 rr:fl\h gf ): Itsbelect:ﬁchemlrcl:lal a nd stt'ructtudral proE[)ﬁ rues tand one Mn, thereby reducing the theoretical capacity of the
ave, therefore, been toroughly nvestigated over th€ Past,  iqal. These compositions Liglsi-2¢3NixMngz-43)O2 have

few yearst—3 The NF* ions are electrochemically active, the ; . . 1 ;
. o . been extensively investigatédi! (2) The second involves
Mn ions remaining as Mt throughout the cycling proce$s. - : ; . hich i
LiNi 0.sMng 5O, adopts the layered-NaFeQ structure (space substltuu_ng some Ni an_d Mn for Cq lons, which Increases
' ' the layering of the materidf 1 but this time at the expense
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Figure 1. (a) Ideal structural model of LiNisMno s02.8 Ni and Mn atoms share the 3b sites—#) Different models for ordering of the cations in the TM
layers. (b) Honeycomb ordering for a TM layer with compositiorny [Mng sNig 4]; the structure is derived from the INMInOjs structure, by replacing three
Ni2* ions for two Li" and 1 Mrt* ions, to maintain charge balance in the layers. Each Li or Ni atom (in yellow) in the TM layers is surrounded by six Mn
or Ni atoms at the corners of the hexagons. (c) The flower-like ordering predicted by first-principles calculations, with a compositigaMridENio 42
for the layer. The Li, Ni, and Mn atoms are in yellow and green and at the empty corners of the hexagons, respe@jvalyepresentative snapshot of
the cation arrangements obtained in recent MC simulations at 1000 K. The Li, Ni, and Mn atoms are in yellow, green, and red, respectively.

further shown that a more layered version of LiAng 5O,
can rival the rate capability of the Co-substituted matetfals.
The objective of this work is to investigate in detail the
delithiation process of LiNisMngsO, and characterize any

partial exchange (810% of the Ni ions) between the Ni
and the Li ions in the TM and Li layers. The low energy of
the LiMns honeycomb motif present in #MnO; was
suggested to provide a driving force for thetiNi"

changes in the transition metal (TM) configuration that take exchangé®”More recently, we used a combination of NMR

place upon cycling.

and pair distribution function analysis of ND data to

The Li/Ni disorder in samples synthesized by regular solid- investigate both Li and TM local orderif§The results were
state routes plays a central role in determining the structureanalyzed by considering three structural models, (I) random

of LiNigsMngsO,. Li magic-angle spinning (MAS) NMR
experiments found Li ions in the TM layers of LiNjs
Mno 0>, surrounded predominantly by five to six Mmnions
resembling the environment in MO, while X-ray and
neutron diffraction (ND) studies by Lu et &f:*°indicated

(15) Kang, K.; Meng, Y. S.; Brger, J.; Grey, C. P.; Ceder, Gcience
2006 311, 977.

(16) Yoon, W.-S.; Paik, Y.; Yang, X.-Q.; Balasubramanian, M.; McBreen,
J.; Grey, C. PElectrochem. Solid-State Le®002 5, A263.

(17) Yoon, W.-S,; lannopollo, S.; Grey, C. P.; Carlier, D.; Gorman, J.;
Reed, J.; Ceder, GElectrochem. Solid-State Le#004 7, A167.

distributions of the Li, Ni, and Mn cations in the TM layers,
(i) a honeycomb model in which the triangular lattice of
the TM layer is separated into a Li-rich sublattice and a Mn-
rich sublattice (Figure 1b), and (Ill) a more complex flower-
like ordering® (Figure 1c) whereby LiMgrings are sur-
rounded by larger Ni rings. The combined NMR and neutron
data provided strong evidence for a nonrandom distribution

(18) Breger, J.; DupreN.; Chupas, P. J.; Lee, P. L.; Proffen, T.; Parise, J.
B.; Grey, C. PJ. Am. Chem. So2005 127, 7529.
(19) Van der Ven, A.; Ceder, GElectrochem. Commur2004 6, 1045.
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of the cations, with much stronger £Ni avoidance than
predicted by simple honeycomb ordering, the resulting
structure more resembling a partially disordered “flower”
arrangement. Recent Monte Carlo (MC) simulations by
Hinuma et aP° (Figure 1d) are in very good agreement with
this model, indicating that materials produced via high-
temperature routes show considerable disorder over that
predicted from ground-state structures but still retain some
of the key structural features of the flower ordering, namely,
Li—Ni avoidance.

While these previous studies have improved our under-
standing of the pristine structure, less clarity exists as to the
structural changes that occur upon delithiation of the material.
Makimura! has shown that the deintercalated materig Li
NiosMnosO2, X < 1, maintains the parent hexagorR8m
cell throughout, while Arachi et al. have observed a transition
from the hexagonaR3m cell to a monoclinicC2/m cell
betweenx = 0.7 andx = 0.822 These authors also found
that a fraction of the octahedral Li and Ni atoms migrate to
tetrahedral sites upon char§é&? Previous ex situ NMR
experiments on charged samples have shown that the 7
structural changes are even more complex. The Li located /L ‘\W’
in the TM layers is removed very early on in the charge

6 ; 0 ; Figure 2. Li—Li dumbbell formed from a Li vacancy in the TM layers
processl. approxmately 50% of these ions have left the TM (LitmY) and two adjacent tetrahedral Li ions t1 above and below the TM

layers forx = 0.7, and they have essentially all disappeared [ayer. Li~Ni dumbbells are formed from two adjacent tetrahedral Ni and
for x = 0.416 These results are in qualitative agreements Liions. t2 is the tetrahedral site adjacent to the t1 site in the same plane.
with predictions from first principles calculations made for
the perfect flower structure, which show that the Li ions neutron and X-ray diffraction (XRD)/Li MAS NMR
migrate into the tetrahedral sites that share faces with thespectroscopy, and calculations to determine and then ratio-
vacated octahedral site in the TM layers very early on in nalize the structural changes that occur on charginyib.i-
the charge proced8 The occupation of tetrahedral sites is  Mno.sO2. The effect of charging to high voltages, to establish
an obvious consequence of the Li extraction from the TM whether the tetrahedral Li ions can indeed be removed, and
layer. While in a perfectly layered material, all tetrahedral the consequent effect of this on the structure are explored.
sites share at least one face with the octahedral cation in the
TM layers, a vacancy in the TM layer creates two empty Materials and Methods
tetrahedral sites in .the Li layers abov_e and b?low th.e TM Sample Preparation.LiNi o sMng 50, powders were prepared by
layer. BOth, these sites can be occupied by If" creating Li the mixed hydroxide method A 50 mL aqueous solution of
dumbbells if no nearest neighbor tetrahedral sites are alreadysgichiometric amounts of TM nitrates was prepared and slowly
occupied (Figure 2). dripped (32 h) into 400 mL of a stirred solution of LiOH using
Despite much work on this system, a number of issues, a burette, yielding a precipitation of M(OH)where M= Mn and
which are pivotal to the understanding of the functioning of Ni, with a homogeneous cation distribution. The dried precipitate
these electrode materials, are poorly understood. For ex-was mixed with Li(OH)HO in stoichiometric proportions. The
ample, while the first principles calculations predict that there Mixture was then heated in air at 480 for 12 h, annealed at 900
may be a high voltage process involving removal of the °C or 1000°C for another 12 h, and quenched between two copper

e . . plates. The samples were prepared WitifOH)-H,O (Cambridge
te'trahedral Li ion¥’ and the d 'ffra"“?”. resullts suggest. that Isotopes, 96-95%) forSLi MAS NMR measurements to maximize
Ni may not always remain in its original sitéthe details

o the signal/noise ratio and acquisition time and witi(OH)-H,O
of why and when the Ni ions move are not known. (aigrich, >97%) for ND experiments to minimize absorption from
Furthermore, our recent results, on a layered material with the sl i nuclei.
essentially no Li/Ni eXChang? and e_XCE’”_em hig_h raté  Ejectrochemistry. For theSLi MAS NMR experiments, syn-
performance, Sh_OWS that t_he Ni populatlons_ in the Li layers chrotron XRD, and cycling experiments, cathodes were prepared
play a key role in controlling the slab spacing and, hence, by mixing 80 wt % of active materiaPI(iNi ¢ sMngs0,), 10 wt %
the Li-ion conductivity in the Li layer$> The aim of the of acetylene black as an electronic conductor, and 10 wt % of poly-
work presented in this paper is to combine results from (vinylidene fluoride) binder ilN-methyl pyrrolidone (NMP). The

slurry was deposited on an aluminum foil and dried af@Quntil

(20) Hinuma, Y.: Meng, Y. S.: Kisuk, K.; Ceder, G. To be published. the solvent had evaporate_d completely. _Com cells (CR2032, Hohsen
(21) Makimura, Y. Ph.D. Thesis, Osaka City University, 2003. Corp.) were assembled in an argon-filled glove box. Each cell
(22) Arachi, Y.; Koabayashi, H.; Emura, S.; Nakata, Y.; Tanaka, M.; Asai, contains typically about 15 mg of active material, separated from

'{%;as(glggebe, H; Tatsumi, K.; Kageyama, $blid State lonic£005 a Li foil (6Li foil was when preparing the NMR samples) by two

(23) Kobayashi, H.; Arachi, Y.; Kageyama, H.; TatsumiJKMater. Chem. pieces of Celgard separator (Celgard, Inc., U.S.A] M solution
2004 14, 40. of LiPFg in ethylene carbonate/dimethyl carbonate (1:1) has been

1 Li/Li
,/ Dumbbell
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used as the electrolyte. Electrochemical experiments were carrieddensity approximation (LDA}U approach was chosen for the

out on a battery cycler (Arbin Instruments, College Station, TX) c-lattice parameter calculation as it more accurately treats the Van

in galvanostatic mode at @20 rate. der Waals interactions across the empty Li slab at the end of charge
Slightly different electrode mixtures were used to prepare cycled and has previously been shown to give qualitatively more correct

samples suitable for the ND experiments, to reduce the total proton variations in lattice parameter with Li concentrati§n.

content of these electrodes, to minimize absorption problems. A . )

300 mg mixture containing 90% of active materi@lilNi o sMng s0,) Results and Analysis of the_ Experimental Data and

and 10% of graphite (Timrex KS44) was deposited on an aluminum Calculations

plate and dried at 80C until complete evaporation of NMP; no Electrochemistry. The potential ¥) versus capacity

plnder was used. Swagelok-type cells were ass_embled inanargonymah g) curve for 6LiNiggMnes0, cycled five times

filled glovg box. They were separated from a lithium foil by two between 4.6 and 2.0 V using @20 rate in galvanostatic

sheets of fiberglass filters. The whole assembly was soaked in themode (Figure 3a) shows electrochemical processes and

electrolyte, an ethylene carbonate/dimethyl carbonate (1:1) solution ities that imilar to th . | ot el
of LiPFs (1 M). Electrochemical experiments were carried out at a capacilies that are similar {o those previously rep e

C/200 rate. The samples were washed with deuterated acetondT€Versible capacity for the first cycle is around 15
before ND experiments, again to reduce proton contents in the MAh g%, similar to that reported by Lu et &giving a stable
samples. Some of these samples were analyzed by inductivelycapacity of 160 mAh gt in cycle 20 (Figure 3c). When
coupled plasmaoptical emission spectroscopy (ICP-OES) by cycled between 5.3 and 2.0 V, a new electrochemical process
Galbraith, to compare the Li contents with those estimated from is observed, which is associated with a plateau above 5.0 V,
the electrochemical data. leading to a capacity of 275 mAh~§ (Figure 3b). This

ND. ND experiments were performed on the General Materials process is irreversible, and a stable capacity of over 180 mAh
Diffractometer (GEM) instrument at ISIS (Didcot, U.K.), on the g~1is achieved in the first 20 cycles, as shown in Figure 3d.
General Purpose Powder Diffractometer (GPPD) instrument at the Thjs plateau (Figure 3b) is present for both electrodes con-
Intznse Phulse Neutron So(LjJrce ('ENS’ Argonnze Natio)nal Laboratory), sirycted with acetylene black and graphite, where the latter
and on the Neutron Powder Diffractometer (NPDF) instrument at : : -
the Los Alamos Neutron Science Center (LANSCE, Los Alamos were prepared for the ND experiments. Part_ of thls addlthnal
National Laboratory). The samples (from 300 mg to 1 g) were capaclty may resglt from the elgctrochemlcal .'T“erc"’."a“on
packed into 0.25 in. inside diameter thin-walled vanadium cans in of PR~ from the LiPFs eIectroI_yte into the ,graph't'(_: regions

of the carbon and the associated reduction dfftom the

a helium-filled glovebox. - '
In Situ XRD Diffraction. Experiments were performed at electrolyte at the anode, which was previously observed by

beamline X7A at the National Synchrotron Light Source (NSLS) Seel and Dahn to occur in this voltage wind&wThis
located at Brookhaven National Laboratory, using a cell design Process is only partially reversible. However, given the low
identical to that described elsewhéfeSynchrotron radiation with ~ carbon content of these electrodes, the capacity of the high
a wavelength of 0.6482 A and a step size of 0.8%ey 5 s were voltage process is too large to account fully for the observed
employed. plateau (see Discussion and Supporting Information).

MAS NMR Spectroscopy. The 6Li MAS NMR experiments Very similar electrochemical data were obtained for the
were performed with a double-resonance 2 mm probe, built by first charge for the larger cells used to prepare the ND
Samoson and co-worketspn a CMX-200 spectrometer using a  samples. Cycling was arrested at selected potentials (4.1, 4.6,
magnetic field of 4.7 T. The spe_ctrg were collected at an operating 4.8, and 5.2 V (charge) and 2.0 V (discharge)) to investigate
qufﬁgcgngfffﬁgg':éhfoﬁlegglzg-;rfr?éjes?{,:fxe(zgf_s and the effect of the high voltage plateau on the electrode
180°—7—acq) were us}:ad to acquire '?;]e spectrclﬂ pulses of 3.5 structure. The two samples cycled to eithgr 4.8 0r5.2Vand

then discharged to 2.0 V showed capacities of 233 and 265

us were used, with recycle delay times of 0.2 s. All the NMR spectra 1 . .
were referencecbta 1 MELICI solution, at 0 ppm, and were scaled MAN g at the top of the charge, respectively, consistent

according to the acquisition number and the sample weight in the With data in Figure 3. Only the 4.8 V charged sample showed
rotor. unusual behavior, its Li content & 0.4; calculated using

Calculations Methodology.All energies are calculated with the ~ 100% Coulombic efficiency) being higher than that of the
spin-polarized generalized gradient approximation to density func- 4.6 V cell x = 0.33). On the basis of the electrochemical
tional theory (DFT), using a plane-wave basis set and the projector- data obtained in coin cells, the Li content of the 4.8 V cell
augmented wave method as implemented in the Vienna ab initio is expected to be only slightly lower than that the 4.6 V
simulation package (VASP). A plane-wave basis with a kinetic sample x = 0.23 (4.8 V) vs 0.33 (4.6 V)). Overall, the large
energy cutoff of 370 eV was used. The reciprocal-spegeint  cells used for ND experiments showed a much shorter
grids between 3« 3 x 3 and 7x 7 x 7 were used depending on  gischarge curve than that for the coin cells, which resulted
the size of the §uperce|l pon3|dered. Structures were fully rglaxed. in a smaller Li concentration~0.6) at the end of discharge
The +U correction term in the Dudarev schethwas used with (see Supporting Information for the voltage curves)
U =5.96 eV for Ni andJ = 5 eV for Mn. This+U scheme corrects . A e

The voltage profile of a Li/LiNigsMngsO, cell with 6 h

for the self-interaction in the TM orbitals and has been shown to L .
improve the prediction of voltag&sand phase stabilit§ The local open circuit voltage (OCV) steps upon the first charge to

(27) Zhou, F.; Cococcioni, M.; Marianetti, C. A.; Morgan, D.; Ceder, G.

(24) Balasubramanian, M.; Sun, X.; Yang, X. Q.; McBreenJ.JPower Phys. Re. B. 2004 70, 235121.

Sources2001, 92, 1. (28) Zhou, F.; Marianetti, C. A.; Cococcioni, M.; Morgan, D.; Ceder, G.
(25) Du, L.-S.; Samoson, A.; Tuherm, T.; Grey, CGhem. Mater200Q Phys. Re. B 2004 69, 201101.

12, 3611. (29) Van der Ven, A.; Aydinol, M. K.; Ceder, Qhys. Re. B 1998 58,
(26) Dudarev, S. L.; Botton, G. A.; Savrasov, S. Y.; Humphreys, C. J.; 2975.

Sutton, A. P.Phys. Re. B 1998 57, 1505. (30) Seel, J. A.; Dahn, J. R. Electrochem. SoQ00Q 147, 892.
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Figure 3. Voltage vs specific capacity curve féitiNiosMno s02 cycled (five cycles) using &€/20 rate, in galvanostatic mode, (a) between 2.0 and 4.6 V

and (b) between 2.0 and 5.3 V. The charge (red) and discharge (black) specific capacity as a function of cycle number for 20 cycles, (c) between 2.0 and

5.3 V and (d) between 2.0 and 4.6 V.

5.3 V under a current density correspondingt60 consists
of two relatively flat regions at+3.8 V and~4.5 V and one
sloping region in between. Notably, the OCV values flatten

The resonance at 1520 ppm was assigned g local
environments near six Mn ions in the first cation coordina-
tion shell (LiMns) and the resonance at 1350 ppm to

at 4.54 V at charging voltages higher than 4.90 V. This data environments containing five Mhions such as LiMgNi.6

is compared later with predictions from theory in Figure 9.
NMR. Figure 4a shows th&.i MAS NMR spectra of the

The Liny resonances have disappeared by 4.8 V, consistent
with the fact that Li is removed from the TM layeYsThe

®LiNi 0.sMno <O, pristine material and samples charged to 4.8 | j; resonance has shifted to lower frequency (around 530

and 5.3 V. The NMR samples, prepared in small electro- pnm): this resonance is consistent with either Li in octahedral
chemical cells, have capacities that are essentially identicalgjies near diamagnetic ions such ag*Nor Li* ions in

to those presented in Figure 3. The pristine spectrum is tgiranedral sites, because both types of local environments

consistent with the work of Yoon et #l.and consists of

are expected to result in a reduction of the Fermi contact

two groups of resonances, one at around 720 ppm and thegpf 32 The intensity of this resonance decreases noticeably

other between 13501520 ppm, assigned to Li in Li layers
(Liy) and in TM layers (Lim), respectively. (See Table 1

for a complete summary of notations used to describe the

different sites for Ni and Li within the material.) The large

shifts are caused by the hyperfine (Fermi contact) inter-
action3132 A value for the concentration of thej ions of

9 + 2% of the total Li content was determined by integration
of the intensities of the different signals for the pristine
spectrum, consistent with the number determined by*AD.

(31) Lee, Y. J.; Grey, C. Rl. Phys. Chem. B002 106, 3576.
(32) Grey, C. P.; DupreN. Chem. Re. 2004 104, 4493.

when charging to 5.3 V, as Li atoms are deintercalated during
the high-voltage electrochemical process. Deconvolution of
the NMR spectra gives Li contents of 0.15 and 0.05 for the
4.8 V and the 5.3 V samples, respectively (assuming that
the pristine material contains one Li, per formula unit), which
is close (and within the error associated with the NMR
measurements) to the respective values of 0.21 and 0.08
obtained from the specific capacity.

The intensity of the Liy resonance decreases after the
first cycle between 4.6 and 2.0 V (Figure 4b), showing that
only a fraction of the Li ions return to the 4 sites.
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Figure 4. SLi MAS NMR spectra of (a) pristinéLiNiosMng 02 andbLiNi¢gMngsO; charged to 4.8 and to 5.3 V; {ix) pristinebLiNi¢gMno sO, and the

material cycled 1, 5, and 10 times, between 4.6 and 2.0 V (b) and between 5.3 and 2.0 V (c). The sharp resonance at 0 ppm arises from diamagnetic
impurities (LiPFs in the electrolyte for instance). The major isotropic resonances and spinning sidebands are marked with their shifts and asterisks, respectively.

Spectra were acquired at spinning frequencies of 88kHz.

Table 1. Notations Used for This Study

symbol description

Li lithium in lithium layer—octahedral site

Nigi nickel in lithium layer—octahedral site

Nitm nickel in the TM layer-octahedral site

Litm lithium in the TM layer—octahedral site

LitmY vacated TM layer site formally occupied by
Li—octahedral site

Nitmti nickel that migrated to kiyV site—octahedral site

Nitet Ni in the tetrahedral site formed after removal ofyi
and three Lj; above

Litet Li in the tetrahedral site formed after removal of i

and three Li; above

However, this resonance is still clearly present, even after
20 cycles. In contrast, the hi resonance has essentially
disappeared after the first cycle between 5.3 and 2.0 V, the
Li.; resonance dominating the spectra (Figure 4c). Further-
more, a noticeable change in the;tesonance is seen after

only 1 cycle. The resonance becomes more symmetric, and

the peak maximum shifts from 720 to 630 ppm. Only very

after 20 cycles. Li ions in the Li layers of iMnO; give

rise to two overlapping resonances at 700 and 750 ppm, due
to local environments near four Mhions and two Li ions

in the TM layers; thus the disappearance of the higher
frequency (720 ppm) component of thejLiine shape is
consistent with the loss of ki in these LiMnOs-like
environments. Thus the changes in the NMR spectra after
cycling confirm that structural changes take place in the
material and that these changes are accelerated by charging
to 5.3 V.

ND. ND experiments of selected samples, prepared to
investigate the effect of the high voltage plateau on electrode
structure, were investigated. Rietv&definements of the
structures were performed with GSAS-EXPG¥Because
all the samples, except the pristifigNiosMnosO,, contain
graphite, two-phase refinements were performed, R&m
andP6s/mmcspace groups foitiNigsMngsO, and graphite,

(33) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65.

small changes are seen in subsequent cycles. In contrast, thé4) Larson, A. C.; Von Dreele, R. Bseneral Structure Analysis System

Li layer resonance changes only gradually following cycling
between 4.6 and 2.0 V. The peak is still asymmetric even

(GSAS)Los Alamos National Laboratory Report LAUR 86-748; Los
Alamos National Laboratory: Los Alamos, NM, 2000. Toby, B. H.
J. Appl. Crystallogr.2001, 34, 210.
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Table 2. Rietveld Refinement Results for the ND Patterr’s

pristine 4.1V 4.6V 4.8V 5.2V 4820V 5220V
xLi 1 0.62 0.33 0.40 0.06 0.58 0.62
a(R) 2.88226(4) 2.85575(8) 2.84499(5) 2.8488(1) 2.8431(3) 2.86914(8) 2.8818(1)
c(A) 14.2619(4) 14.3846(8) 14.3104(5) 14.292(2) 14.047(3) 14.3313(9) 14.335(1)
V (A3) 102.606(3) 101.595(5) 100.309(3) 100.45(1) 98.33(1) 102.169(6) 103.10(1)
Nii (3a; 0, 0, 0) 0.099(1) 0.115(2) 0.096(1) 0.042(2) 0.024(4) 0.060(2) 0.058(3)
Nitwm (3b; 0, 0, 1/2) 0.401(1) 0.385(1) 0.404(1) 0.452(1) 0.476(4) 0.434(1) 0.405(3)
Niter (6¢; 1/3, 2/37~ 0.0456) 0 0.000(2) 0.000(2) 0.006(2) 0 0.006(2) 0.038(2)
Lis (3a; 0,0, 0) 0.901(2) 0.498(5) 0.212(5) 0.4 0.06 0.347(7) 0.58(1)
Litw (3b; 0, 0, 1/2) 0.099(1) 0.013(8) 0.016(5) 0 0 0.04 0.000(4)
Litet (6C; 1/3, 2/32 ~ 0.0456) 0 0.120(4) 0.102(4) 0 0 0.194(6) 0.042(4)
Z0) 0.24160(3) 0.23740(6) 0.23617(5) 0.2373(1) 0.2395(2) 0.23828(6) 0.23801(9)
100Jiso (AZ)
Li sites 2.60(5) 2.9(2) 4.2(3) 13.0(9) 0.7 6.1(3) 1.3(1)
Ni sites 0.60(1) 3.21(4) 2.43(3) 2.33(6) 1.14(8) 2.31(4) 2.30(6)
Mn sites 0.62(3) 3.6(1) 9.9(2) 2.4(1) 2.4(3) 2.3(1) 2.6(2)
O sites 1.00(1) 1.56(3) 0.58(2) 1.91(5) 2.17(9) 0.45(2) 0.63(1)
total Rup (%) 5.81 2.49 4.42 3.06 4.27 4.35 2.78

a Cation occupancies (per formula unitiNip sMno s07), cation coordinates, and Wycoff symbols are given for the different crystallographic sites used
in the refinement. A fixed occupancy of 0 was used if the refinement led to negative occupancy values. Parameters without standard deviations were
constrained parameters.

, : , i . atoms occupying the same sites, it was not possible to refine

] all the occupancies simultaneously. Instead, in the cycled
samples, the Niand Liry site occupancies were first refined
but were not constrained to be the same. Because Arachi et
al?? observed Li and Ni occupancy in the tetrahedral sites,
the fractions of Li and Ni in tetrahedral sites were also
refined. This refinement procedure (first the TM sites and
then the tetrahedral sites) was repeated at least three times
until convergence. The refined occupancies are also shown
in Table 2.

Given the very different scattering factors @fi and Ni
(—2.2 and 10.3, respectivéfy and their opposite sign, the
refinements were generally quite sensitive to small changes
in cation occupancies. To assess this, refinements were

. ' - ' 5 ' performed where we varied Li/Ni contents systematically and

d-spacing (&) examined the effect of this oR factors. In general, the

Figure 5. Rietveld refinement using the ND pattern (bank 4, from 50 to  tetrahedral sites were quite sensitive to changes in Ni
75°, of the GEM detector) ofLiNiosMnosO2 charged to 4.1 V. The crosses  gccupancy. For example, a change in thgsite occupancy
pattor, respectivly. The diference between the caloulated and expermental O 0-6% 10 2.4% results in a significant changeR
patterns is shown in blue below the data. The arrows show the reflections from 4.35% to 4.46%, for the 4-82.0 V sample. For some
coming from graphite. The structural parameters are given in Table 2. samples, the occupancies of the octahedral sites were more
highly correlated. In particular, thie factors for the refine-
ment of the 4.8-2.0 V sample were particularly insensitive
to large changes in the occupancies of the octahedral sites
g (see Supporting Information, Table S1). Hence, the Li

these values were used in the refinements. These content§ccuPancy of the TM layers was constrained to 0.04 in this
are consistent with ICP-OES measurements, which gave LiSample, where this number was derived from an integration
content values of 0.30, 0.14, and 0.63 (with an error of 10%) Of @1 NMR spectrum of a material prepared in an analogous
for the 4.8, 5.2, and 4:82.0 V samples, respectively. Figure ~ [@shion (see Supporting Information, Figure S2). Onag Li
5 shows a representative neutron pattern from the series, forlS fixed, & change in the ki content from 0.16- 0.30, per
7LiNi 0.sMno.<0, charged to 4.1 V (wherg = 0.62). formula unit LiNigsMngsO,, resulted in a change for fi

In previous structure refinements of the pristine matédal, ~ ©f 0-0.024, and only a change B, of 0.01% (Table S1),
only Ni atoms, and not Mn atoms, were found in the lithium indicating that although the concentration og{ions is high
layer, due to the similar size of Kiand Li* ions. Therefore, ~ (0-2 €£0.1) Li per formula unit), it is also associated with a
Ni/Li site exchange was allowed between the lithium and large error; although the errors in thedNbccupancy are
the TM layers for the pristine material, subject to a constraint Similar, the concentration of this site is clearly low(.024).
that fixed the stoichiometry of the samples to the nominal Unfortunately, the samples were radioactive following the
Ni (0.5) and Li &) concentrations. Given the highly cor-
related nature of refinements performed on systems with two (35) Sears, V. FNeutron News 2992 3, 26.

Intensity

respectively. The structural parameters for the diffefeit
NigsMng sO, samples are listed in Table 2. The Li contents
x in these’LiyNigsMno sO, electrodes were estimated from
the capacity, by assuming 100% Coulombic efficiency, an
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Figure 6. Evolution of parameters obtained from Rietveld refinements using ND data of prikii sMno s02 and”LiNi g sMno 5O, charged to 4.1, 4.6,

4.8, and 5.2 V and cycled once between 4.8 or 5.2 and 2.0 V. The solid line and the dotted lines represent the first charge and discharge, respectively.
Evolution of the fractional occupancy of (a) Ni in Li layers; (b) Li in TM layers; and (c and d) Ni and Li in tetrahedral sites, respectively. The error bar
correspond to the maximum value of the standard errors obtained from Rietveld refinements. (e and f) Evolutianasfdthgparameters, respectively.

refinements were also attempted with ®2/m space group.
Patterns calculated with this space group contained additional
reflections that were absent in our experimental patterns.
Furthermore, no reductions in thR factors, over those
observed with the space grol8m, were observed. Our
inability to detect a reduction in symmetry may be related
to the higher resolution seen in synchrotron based experi-

ND experiments and joint X-rayneutron experiments could
not be performed on the same samples.

The fraction of both Liy ions decreases rapidly with
increasing state of charge (Figure 6), while the; Mic-
cupancy drops noticeably only at high voltages. ThayLi
ions do not return to the TM layers if the sample is cycled
between 5.2 and 2.0 V (Figure 6b), as confirmed by MAS
NMR (Figure 4c), while a small fraction of the Nidoes ments or slight differences in the samples.
return (Figure 6a). On the basis of this ND analysis, it is  In Situ XRD. In situ experiments were performed to
clear that noticeable structural changes do occur betweenfollow the changes in cell parameters as a function of Li
4.6 and 5.2 V. These changes are at least partially irrevers-content. The changes in tleandc parameters (Supporting
ible, as different cation occupancies are seen for the fully Information, Figure S5, and inset in Figure 10) seen upon
discharged samples following charging to 4.8 and 5.2 V. The charging to 4.8 V largely mirror those seen by ND, but in
Ni occupancy in the tetrahedral sites is very small throughout contrast to the ND results, tha and ¢ parameters vary
the charging process, while the Li occupancy in the smoothly until full charge. These in situ results provide
tetrahedral sites reaches a maximum at half-charge. Bothadditional evidence that structural changes do occur above
increase when cycled once between 5.2 and 2.0 V. The4.6 V and that the capacity in this voltage range is not only
differences in the 4.6, 4.8, and 5.2 V samples are alsodue to side reactions involving the electrolyte.
apparent if thea and c parameters of these samples are  First Principles Calculations. First principles calculations
considered (Figure 6e,f), the value of tbeell parameter  were performed to predict and rationalize the structural
decreasing dramatically from 4.8 to 5.2 V, indicating that changes that occur on cycling. Three aspects were investi-
the layers collapse upon further deintercalation of the gated in particular: (1) the thermodynamic driving force for
remaining lithium atoms. Ni migration and the effect it has on the Li deintercalation

Because Arachi et &f.previously showed (by transmission voltage, (2) the activation barriers for Ni migration in the
electron microscopy and synchrotron XRD) that a second- Li layer and toward the vacancies in the TM layer, and (3)
order phase transition from hexagonal to monoclirf@e/( the influence of interlayer spacing on the stability of Ni ions
m) occurs during Li deintercalation of Li(NiMg}O,, the in the TM layers against migration into tetrahedral sites.
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Figure 7. Formation energy as a function of Li concentration of structures
with three different lithium/nickel configurations: no Nimigration and
formation of Li/Li dumbbells (triangles), migration of Niin tetrahedral
sites to form Li/Ni dumbbells (circles), and migration ofiNio fill Li tm" Figure 8. Schematics of different octahedral and tetrahedral sites in the
to become Niu"' (stars). flower structure; the tetrahedralsite (green) is located above the vacant

. . o octahedral site in the flower structurerlyV; LitmVY is surrounded by 6
Computations require periodic supercells and, hence, anmn++ (red) and then 12 more distant®iions (green) in the TM layers. s,

ordered arrangement of ions. These calculations were,p, and are octahedral (s and p) and tetrahedrgldites in the Li layers.

therefore, performed using the previously proposed “flower” o ) . ]
arrangemen? with a supercell of 12 formula units (Figure Li @nd the Li/Ni dumbbell can be rationalized on the basis

1c). of the oxidation states of the Ni ions. In this composition

A. Ni and Li Rearrangements: Thermodynamic g range, Ni; remains as 2 and has a weak preference for
Forces and Kinetic BarriersTo understand the thermody- octahedral coordination over tetrahedral coordination, ac-
namic driving forces acting upon the structure, we have cording to ligand field theory® Because of the way the
calculated the energies of three types of structural modifica- flower ordering repeats along tie@xis, dumbbell formation
tions of the flower structure, as a function of Li composi- around every Ly results in occupied tetrahedra that share
tion: (1) Li extraction with no Ni migration, (2) Li extraction ~€dges within one layer. As a result, the repulsion between
with migration of Ni from the Li layers, Ni, into the Li*/Ni2* tetrahedra within the lithium slab space is stronger
tetrahedral sites, and (3) Li extraction with migration of;Ni than that of Li/Li* tetrahedra and is responsible for their
into a vacant Liy" site (in the TM layers; see Table 1) to €Nergy difference. Hence, it is to be expected that in more
become Niy. We later discuss whether such Ni migration disordered materials than the one used in our computations,
is kinetically possible. The changes under scenario (1) wereWhere some Niis in a higher energy state and more isolated
already presented in a previous paffeand we include them Li/Ni dumbbells can form, some tetrahedral Ni will be
here for completeness. Figure 7 shows the correspondingPresent.
energies of LiNigsMnos)O, as a function of Li content. The More interestingly, the structural configuration in which
quantity plotted is the energy difference between the mixed Nii; has moved from the Li layer into the TM layer to fill
state and a compositionally averaged combination ofd4Ni  the Lirm" site has the lowest energy near the end of charge,
MnosO, and NbsMngsO,. Negative energies indicate that when the Li concentration is below 0.33. The driving force
the intermediate compositions are stable, either as a solidfor this configuration is straightforward: when the last Li is
solution, or as ordered states. Delithiation under scenario 1 removed, Ni; is oxidized to 4-. Such oxidation causes a
(no Ni migration) involves the formation of Li/Li dumbbells  large reduction in ionic size, and the “Nistrongly favors
(see Figure 2) around thehV site in TM layers, vacated the TM site instead of the Li site. Nonetheless, the magnitude
early in the charge process. These states (triangles in Figureof this driving force &1 eV per migrating Ni ion) is
7) have the lowest energy at most Li compositions. Remark- surprising. Tetrahedral site occupation by Ni is not favored
ably, the structural configuration in which INmigrates from in this composition region because the*NBd° electronic
the Li layer into the TM layer (scenario 3) has the lowest configuration strongly prefers octahedral coordination.
energy near the end of charge. The Li/Ni dumbbell config-  The energy results illustrated in Figure 7 indicate that there
uration (formed from one N and one Li: ion; Figure 2, s a driving force for any Ni in the Li layer to migrate into
scenario 2) is never lowest in energy for the well-ordered the TM layer toward the end of charge. To investigate how
flower structure used for these calculations. However, the readily this migration will occur, the kinetics of this process
energy difference between tetrahedral Li/Ni and Li/Li were studied. Figure 8 shows the relevant sites involved in
dumbbells is very small (1220 meV per LiIMQ formula  the migration pathway. The central site in this figure is a
unit in thex = 0.33-0.66 range), and less favorable reference Li,Y vacancy in the TM layer surrounded by Mnand
positions for Ni; in the pristine material (as would exist in
a more disordergd material) may I_ead to intermediate Li/Ni (36) Figgis, B. N.. Hicchman, M. A.Ligand Field Theory and its
dumbbell formation. The energy difference between the Li/ Applications Wiley-VCH: New York, 200Q
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Nitum. The lowest energy position for Nin this structure is 6
the “s” site above the interface between theMmand the —=—Most stable
Nitw ring. The “p” site in the Li layers is closer to the4" 1 T umbbe !
vacancy. For octahedral ions to diffuse in layered structures, s- Experiment (OCV) 4
the ions need to move through intermediate tetrahedralsites. v
A Ni atom in the “p” site can easily slide into the tetrahedral 1
site (t1) above the vacant 4V site. We found from
computations that when a Niin the p site is oxidized to
Ni4* it spontaneously slides into the vacanty site without
any activation barrier. If the Ni atom is further away from
the vacancy in the TM layer, it will experience two factors
that make its migration more difficult. The first factor is that
when Li, Ni, and Mn atoms are well-ordered in a flower
arrangem_ent, the “s” s_ite ir_1 the Li layer is t_he mo_st stgble 2 T o8 o | os o2 oo
one for Ni; and any migration away from this “s” site will

. R . Lithium Concentration
require more energ?. Second and more importantly, for Ni ~ _ . .
. . . . . Figure 9. Comparison between the calculated voltage curves for different
in the s site to migrate to the p site, it needs to go through gejithiation scenarios and the voltage profile during the first charge of a
a tetrahedral site (marked as t2 in Figures 2 and 8), which Li/Li (NiMn)o.sO; cell charged to 5.3 V at 14 mA/g with intermittent OCV
shares a face with a Mhoctahedron. Ab initio computations ~ Stands of 6 h. Experimental Li contents in@NiMn)o 5O, were calculated

. . . . assuming 100% Coulombic efficiency.
previously showed the negative impact that a high-valent
cation has on the activation barrier for Li migration, when potential as high as 5.2 V. It is slightly easier to extract Li
that cation shares a face with the activated tetrahedrafsite.  from a Li/Ni dumbbell. In contrast, a significantly lower
Because of its higher charge,?Nis even more affected by  charge voltage is required if the oxidized Ni ions can migrate
the charge on the face-sharing TM ion. Our calculations show from the Li sites into the TM sites (squares). The potential
that the energy barrier for Ni hopping between the s and the predicted for this reaction (4.49 V) is remarkably close to
p site via t2 is as high as 1 eV/Ni. In the perfectly ordered the rest potentials for the cells charged up to 5.2 V seen in
flower structure, the Ly site is fully surrounded by sixMn  the OCV data (Figure 9). Our calculations suggest that at
atoms, and migration of Niinto this site (after it has been  the end of charge Li removal is possible through two different
vacated) will always require a high activation energy to cross processes: a fast process at very high potential that involves
the tetrahedral site t2 which face-shares with a Mn OCtahedra'direct extraction of Li from tetrahedral sites and a lower
site. However, in less ordered materials, somg,EiNitu voltage process that can only occur if the structure can relax
contacts are presetftwhich may create easier pathways for  through the migration of Ni ions. The former process does
NiLi to migrate out of the Li layer. Hence, Ni migration from  allow for removal of all Li from the material in “normal”
the Li layer into the TM layer may be easier in a more voltage windows, which seems to be in agreement with the
disordered material. fact that the capacity in the first charge in most of our

B. Effect of Ni Migration on Li Deintercalation Potentials. ~ €xperiments approaches the theoretical limit.

The potential depends strongly on which cation migrations  C. Effect of the Lattice Parameter on Dumbbell Formation.
occur during Li removal. Figure 9 shows the average We have investigated to what extent these different structural
calculated local voltage upon Li deintercalation under the scenarios affect the evolution of thelattice parameter.
three different structural evolution scenarios discussed in Although first principles DFT calculations within the LDA
Figure 7. The voltage is calculated as the average in small@pproximation systematically under-predict the lattice pa-
concentration intervals (0.16 or 0.25 Li), and most steps are, '@meter, qualitative trends are often useful for comparison
therefore, artificial because the average voltage switches fromt© €xperimental data (in situ XRD and ND). Figure 10 shows
one concentration interval to the other. Clearly, to obtain a the c-lattice parameters from LDAU calculations as a
more realistic voltage curve, many more possible Li/V function of lithium concentratios under the three different

configurations have to be explorétB8A constant potential ~ Scenarios previously described. Consistent with previous
of betweenx = 1 andx ~ 0.66 is observed in experiments Studies? the formation of Li/Li dumbbells leads to a slight
and corresponds to the simultaneous removal ef land increase in the-lattice parameter as Li is removed and the
some Lj; as discussed previoustyThe curve “Most stable” ~ P€ak value ot appears at Li= 0.33. Betweenx = 1 andx
presents the voltages derived by taking the state with the = 0-33, the variation in the-lattice parameter is small due
lowest energy in Figure 9 for each composition. The only © the presence of Ni in the lithium layer. Thelattice
significant voltage difference between the various structural Parameter decreases upon further delithiation and=at0
models occurs near the end of charge, for < 0.33. is smaller by 4.4% over the lattice parameter in the pristine

Removing the last 16.6% of lithium from the tetrahedral sites Material. When some Li remains ir; the Taterial, the
without any other configurational changes requires a contraction is much less (e.g., onty0.8% forx = 0.167).
If Li/Ni dumbbells form during delithiation, the-lattice
(37) Van der Ven, A Ceder, G P S 2001 97, 529 parameter increases more significantly2(7%) and peaks
an der Ven, A.; Ceder, 3. Power source , . _ -
(38) Arroyo y de Dompablo, M. E.; Ceder, @. Power Source2003 atx = 0_'33 as well. Th_e contraction @fat the e_nd of the
119 654. charge is—5.8%. More importantly, Niy-' migration forx

44

Voltage (V vs. Li)
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Figure 10. Calculated LDAtU c-lattice parameters as a function of Li
concentration, with different structural scenarios. The inset shows the
evolution of thec parameter obtained from Rietveld refinements using the
in situ XRD patterns of LiNisMngsO», charged to 4.8 V.

< 0.33 causes the-lattice parameter to collapse-8.9%)
upon complete charging.

Discussion

We now describe in more detail the reversible and

irreversible structural changes that take place during charge.

and discharge.

Initial Stage of Deintercalation (up to 4.1 V;x ~ 1.0
to x ~ 0.6 The neutron data, NMR observations, and
computations all indicate that Li is extracted from both the

TM and the Li layers in the early stages of charge, consistent

with observations made based on earlier NMR re&utsd
computational modeling. The ND data on the sample
charged to 4.1 V confirms this picture. Only 0.01 Li remains
in the TM layers (0.013 Li/per formula unit {Mng sNio 0

for x=0.62) on charging to 4.1 V, but a significant fraction
now occupies the tetrahedral site (0.12 Li/per formula unit).
If Li —Li dumbbells (Figure 2) are formed, the maximum
number of tetrahedral Li ions is twice the amount originally
present in the TM site in the pristine material. This is possible
in the perfectly ordered flower, where there is perfect
separation of the LiMgrings and the Li/Li dumbbells are
maximally separated. In a less well-ordered material, how-

ever, some of the adjacent, open tetrahedral sites will be too
close together so that not all of them can be occupied. This
seems to be the case in our samples. Diffraction results

suggest that there are slightly lessel{0.12 Lie) than
predicted by the perfectly ordered flower model (0.172,Li
based on the concentration of Li removed from the TM layers
(0.086 Li)). The calculated structural energies (Figure 7)
indicate that there are no significant driving forces for
structural changes in this potential regime. Some migration
of Ni?" ions may occur in this regime, but this is barely
significant. The fact that the Nj occupancy drops slightly
upon charge to 4.1 V (Table 2) may indicate that some Ni
ions in high-energy TM sites have moved out of them (see
later) or may simply be the result of the limitations inherent
in the structural refinements.

Charging between 4.1 and 4.6 VX ~ 0.6 tox ~ 0.3).
Between 4.1 and 4.6 V (o= 0.33), Li is largely extracted

Bréger et al.

from the Li layers, the residual concentration of Li ions in
the TM layers remaining constant. No change is seen in the
concentration of Li;, further confirming that all tetrahedral

Li forms early in the charge process and no configurational
changes that would create additional sites for tetrahedral Li
(i.e., by moving Nij) take place. Our results are quite
different from those of Arachi et ad2who have investigated
the structure of LiNiosMng sO, on charging to a composition

of x = 0.33, by using synchrotron XRD. Their= 0.6 and

0.4 samples contain 0.4 and 0.3Liper formula unit,
respectively, and 0 and 0.02:)iThe occupancies of these
tetrahedral sites are higher than twice the concentration of
vacancies in the TM layers seen in our work, implying very
short Lie—TM contacts. No TM vacancies are seen in their
work. We note, however, that Li occupancies are quite
difficult to determine with any accuracy in disordered
systems by using X-ray based methods, due to the low
scattering factor of Li. Their trends ia and c parameters
are similar to ours over the same composition range
suggesting that the samples are similar.

Chargingto 5.2 V (x &~ 0.3 tox =~ 0). The Li NMR and
diffraction results clearly indicate that structural changes in
LiNiosMnos0, take place on charging to high potential,
leading to an almost fully delithiated material. ND results
in combination with the earlier work by Seel and D&hn
indicate that Pk insertion in graphite accounts for at least
some of the capacity seen at higher voltages. However, as
discussed in detail in Supporting Information, this process
will contribute only 3.6-4.5 mAh g%, which is much smaller
than the capacity observed at high voltages. Between 4.6
and 5.2 V all the Li ions in the tetrahedral and TM layers
are removed, leaving only a few residuaj;Lions at 5.2 V
(x = 0.06). Li NMR confirms that all the kj is removed
by 4.8 V and that Lj sites are removed from 4.8 to 5.2 V.
Given our uncertainty in the 4.8 V sample prepared for ND,
it is difficult to be certain when the ki is removed in this
range. The concentration of Nis barely significant in this
range. The Ni concentration decreases noticeably in this
voltage window, dropping from 0.1 Ni at 4.6 V to only 0.02
Ni at 5.2 V. Consistent with the energetic driving force
shown by the first principles computations, we speculate that
this is due to the Nj ions migrating into the TM sites. While
the measured-lattice parameter drops at 5.2 V, its relative
decrease is not as much as in the first principles computations
(Figure 10). The calculated-lattice parameter is very
sensitive to the amount of ions in the interslab space in this
compositional range, and the difference between calculation
and experiment is likely due to the fact that the Ni migration
is only partial in the experimental sample consistent with
the smaller changes in lattice parameters.

We believe that the limiting factor for the Nito Nimy
migration process is the oxidation of Ni in the Li site. This
site is larger than the TM site, and hence the oxidation to
4+ will only occur for Ni; after most of the Niy is
oxidized®® Some preliminary first principles computations
(not shown) have confirmed this oxidation sequence. The
structural energies in Figure 7 clearly support this picture.

(39) Peres, J. P.; Delmas, C.; Rougier, A.; Broussely, M.; Perton, F;
Biensan, P.; Willmann, B. Phys. Chem. Solid®996 57 (6—8), 1057.
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Until the end of charge is near and Nbecomes oxidized, 7
there is no energetic benefit for moving the Ni ions, even
though vacancies exist in the TM layer. Hence, it is not so
much the Li content that controls the Ni migration but rather
the Ni oxidation state. Of course, in a stoichiometric sample
such as LiN§sMnosO, these two are coupled, but the
distinction may be relevant for materials where the Ni content
is lower (and hence oxidation of Niwould be reached
earlier). Our kinetic results indicate that there may be two
distinct time scales for this Ni migration: Nithat is close

to the tetrahedral site above the TM vacancy moves into the
TM vacancy without a barrier as soon as it is oxidized
(probably around 4.6 V), while a Niion that needs to diffuse
over a LiMns ring has a substantial activation barrier. It is . )
interesting to note that while charging potentials of 5.2 vV Position of Nig, | -84 mev

are required to remove the last Li ions, the rest potential in Energy is in (meV/Ni.,)

this regime is much closer to 4.5 V (Figure 9). Comparing

these numbers to the calculated results (Figure 9) would B

indicate that the high potential is required to remove the

te_trah(_edral Li |0n_s-but that, a_t rest, th,e structure rel_axe_s by Figure 11. Energy change when different i migrate to tetrahedral
migrating some Ni ions from Li to TM sites, thereby bringing  sites or Li layers. (A) Niw surrounded by six Mit (no tetrahedral
the potential down tox4.5 V. It is likely that this slow occupancy of Li), (B) Nim moves to Nit forming a Li/Ni dumbbell, (C)
process corresponds to the Ni ions that have to diffuse acrosz{\‘[');“‘,iliinirosuuﬁfffngggog; megqongsr;‘;v'\é*;‘ ft%rmtgfgm'ng“g‘tﬁ/ﬂ';
well-ordered LiMry rings. dumbbell, and (E) Niv moves back to Nj. All migrations (B—E) are

Discharge ProcessThe refinement on the discharged 2CeomParied yiamator, The caeations were performed o it
sample (down to 2.0 V) indicates that the migration of Ni units.

from the Li to the TM sites is not permanent. Upon discharge

the concentration of Ni; almost returns back to its pristine that migrate at the top of charge into these sites may actually
value. In particular, upon discharge from 5.2 V about 0.07 come out again. Ni ions that have moved into TM sites that
Ni ions (per formula unit) have disappeared from the TM are surrounded by five M and one Ni* are less likely to
site. Of this 0.07 Ni, about 0.03 returns back to the Li site come out based on the first principles data. (Evidence for
and 0.04 now occupies the tetrahedral site. Given that thethis environment comes from the NMR spectra of the pristine
relative stability between Ni in Li and TM layers depends material, where the resonance at 1350 ppm was assigned to
on its oxidation state, this is not surprising. Upon reduction Li near five Mrf* and one MNi*). This may explain why the

to 2+, Ni again prefers the Li site. Using first principles concentration of Ni ions in octahedral sites of the Li layers
computations we have investigated in somewhat more detailincreases again upon discharge but does not return to its
the energetics and kinetics of the process whereby Ni returnsoriginal value. Hence, a dynamical migration of Ni ions in
to the Li layer and find that the driving force for Nito move and out of the TM layers takes place upon charging and
out of the TM layer depends on its environment. Figure 11 discharging of this material. After discharge some Ni is
shows the energy to migrate Ni from various environments present in the tetrahedral sites. This tetrahedral Ni likely
in the TM layer at a Li concentration= 0.67. Configuration  arises from the Ni that migrates out of NiM@M environ-

A is the one that is likely formed at the end of charge. It ments but cannot diffuse further into Li sites, possibly
corresponds to the flower structure with the center of the because of the high activation barrier across this ring or
flower occupied by Ni (instead of Li in the pristine material). because some of the Li sites are already re-filled with Li.
As shown in Figure 11, this type of Ni ion, surrounded by  Ni Motion. Niy hopping within the lithium layer is

six Mn** ions, is the least stable and may lower its energy energetically difficult, according to first principles calcula-
by moving into the tetrahedral site in the Li layer to form a tions, because the energy barrier is as high as 1 eV/Ni. Hence,
Li/Ni dumbbell (configurationB). ConfigurationC corre- both the locationof the Ni; in the Li layers andhe redox
sponds toA but with a Niry ion that was surrounded by  stateof the Ni; are critical factors that appear to control Ni
four Mn** ions moved into a tetrahedral site. Clearly, there motion during charge/discharge and the exact Li concentra-
is no driving force to move this Ni ion into the tetrahedral tion where Ni migration may happen. If Nidoes reside in
site. An even higher energy increase is found when a Ni at one of the three p-type sites shown in Figure 8 at1i,

the edge between flowers (surrounded by three*\n  two scenarios can happen. Either a{site may be occupied
migrates to a tetrahedral site. There is a consistent trendupon charge (Li~ 0.58 or lower) and form a Li/Ni dumbbell
showing that Ni surrounded by more Kmions is more or, because both Rii and Ni*" have a strong preference for
unstable in the octahedral site in the TM layer, indicating octahedral coordinatiof,if Ni; is oxidized to 3-/4+ before
simple electrostatic reasons for this variation in stability. migrating to a tetrahedral site, it becomes immobile. This
Because NMR shows that i in the pristine material is  may explain why Nii never drops to 0% in the ND
preferentially surrounded by six Mh some of the Nit ions refinements. From the first principles computation, Kiust

+918 meV
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Charging to above 4.6 V results in the removal of
essentially all the Li ions and the migration of approximately
75% of the Nj; into the sites in the TM layers vacated by
Li. The ease of Ni migration depends on a large number of
sometimes interrelated factors, but the;Mixidation state
is critical. Only when Nj; is oxidized to 4+, at the very
end of charge, do calculations show that there is a substantial
driving force >1 eV) to move into the vacancy in the TM

Voltage
5

layer. The migration energy on discharge strongly depends
7 on the Ni environments in the TM layers, and environments
where the Ni ions are surrounded by six Mnons are
unstable. While in the current material the Li content and
Ni4* content are clearly correlated, the results suggest that
it may be possible to optimize the Nicontent of a material
independently so as to minimize or control the extent of Ni
migration.

There appear to be (at least) two different time scales for
Ni migration which depend on the distance between Ni in
the Li layers and the vacancies in the TM layers. Long-range
Ni migration involves (at least) one hop via a tetrahedral
site that shares a face with a highly charged TM ion, which
is associated with a large activation energy. The computa-
tional results are consistent with the electrochemical results,
where the Ni migration/Li loss process is seen at above 5.0
V for experiments performed in galvanostatic mode, while
The most stable site for Ni in the Li layer is away from the the OCv .dat.a reveal a process at 4'5 V. Taken together, all

the data indicate that the Ni migrations will occur even for

vacant LV site that it needs to occupy. Diffusion of this . :
Ni requires a hop through a tetrahedral site that face—sharesm"’ue”‘”lIS charged to only 4.6 V, but the process will occur

with a Mn** octahedron. Such a hop has a very high much more slowly and over a number of cycles.

activation barriet5 But most importantly, the site that Ni The results have wider implications for other related
can occupy in the TM layer is surrounded by six Mions materials, because they suggest that similar Ni migrations
which we find to be the least stable at the,l site. Hence, can occur if certain conditions are met. For example, Ni
even if this Ni migrates to the TM layer, it is also most likely Migration and structural rearrangements may occur more
to come back out upon discharge. In less ordered materials €2dily upon charging in the materials Liflsi.2Mn2ss-NiyJO,

not all Liry is surrounded by six Mt ions, and LiMrNi in samples that have been prepared by quenching, rather than
and LiMryNi, exist}8 as seen by NMR and in our simulations

by slow cooling, because the latter samples are typically more
of the partially disordered state (Figure 1d). Such a lack o

¢ well-ordered and contain more Li ions in the TM layers
perfect LiMns rings will give Ni; better access to the vacancy surrounded by six Mt ions. Conversely, structural rear-
in the TM layer and lead to a more stable site once the Ni

rangements may be minimized for the sample of Li-

has migrated there. This may be one reason why in generalMNNilosOz prepared via the SOdiU”équrFﬁ, by using
quenched samples of LijiMno <O; (less well-ordered) show samples in which environments where?Nis surrounded

better electrochemical properties than samples that are slowly?Y fivé or more Mrt™ ions are minimized. Finally, it is
cooled or annealet? remarkable that even with the dynamic Ni rearrangements

at every charge and discharge cycle there is little or no
capacity fading in these materials, even when cycled to high
potentials. This indicates that some structural changes to the

Experimental data and first principles calculations clearly L host, even those involving diffusive processes, are
show that the structural changes that occur on cycling Li- @cceptable for reversible intercalation.
(NiMn) 50, synthesized via the hydroxide route are complex.
This complexity is due largely to the Li/Ni exchange that
occurs between the Li and the TM layers in this predomi-
nantly layered compound. The presence of Li in the TM layer

plre]l_yshatﬁtron_g role ;n (;(;ntrotlllngt cat;onhorderlngtrgn :hls layer, 6517748 and 6517749 with the Lawrence Berkeley National
whic en impacts the structural changes that occur on Laboratory. We would also like to acknowledge the support

cycling. These structural changes are summarized in Figurésom the Center for Materials Science and Engineering, MIT,
12. and the MRSEC program of the NSF under award number DMR
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6Mn unstable, may come back to Li layers
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Figure 12. Summary of structural changes during the first cycle between
5.3 and 2.0 V.

350

be 4+ to be energetically favorable to move to the TM layer.
Therefore, Ny migration is only expected at very high
potential (low Li concentration 0.33 to 0).

Importance of the State of Order in the Material on
the Structural Evolution. The computational results show
that a well-ordered flower structure is least likely to reduce
its Li/Ni exchange with cycling, for a number of reasons.

Conclusions
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