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Studies of Li[Ni;sMny3C015)O, prepared under six different conditions are compared using high-
resolution solid-statéLi NMR. Differing degrees of cation disorder are established via integration of the
NMR resonances, and this quantification of cation disorder is compared with Rietveld refinements of
powder X-ray and neutron diffraction studies. Chemical shift trends to high frequency with decreasing
degrees of disorder are established among this family of samples and explained according to the orbital
overlap experienced by Li nuclei in the two environments: within the lithium layers and exchanged with
nickel into the transition metal layers. Finally, an interesting case of local transition metal charge ordering
is observed. Three unique environments are described, which can be accounted for based on
electroneutrality arguments, and the known clustering &f Bind Mrf*. This effect has not been detected
in these materials by other methods including neutron and X-ray diffraction. Thus, the local ordering,
which is observed in the dominant NMR resonance of Li in its own layers is thought to be pervasive
(affecting the majority of the NMR nuclei), but very local, so as to be seen only by techniques such as
NMR which probe immediate neighborhoods.

Introduction tural information. Layered cathode materials such as

) _ Li[Ni 12Mn1,7]O, and, to a lesser extent, Li[MMn13C0150;
The success of the layered LiCp€athode coupled with  yngergo mixing of lithium in the lithium layer and nickel
a carbonaceous anode has advanced lithium-ion rechargeablgom the transition metal layers because of their similar

batteries to a new ef& However, the high cost of cobalt  ationic radii (Li = 0.76 A, NB* = 0.69 A). This cation

has driven research to replace it, in whole or in part, with gisorder has been shown to be correlated to irreversible
transition metals such as Ni and Mn to meet future dema”dscapacity, possibly because it impedes lithium diffusi@y,
for large-scale rechargeable batteries. In this paper we exploresomparing the area ratios of the (003) and (104) reflections
ordering in Li[NiysMnysCou2]O, which crystallizes in the i the X-ray powder diffraction patterns, or by performing
ordered rock sale-NaFeQ-type structureR3m), isostruc-  gyantitative Rietveld analysis, the degree of disorder can be
tural with LiCoQ,. This compound has been suggested as a yetermined experimentalfySolid-state’Li NMR has also
possible cathode material to combine some of the benefitSyeen used in studies of the Li[dMn1sCogO, and
of using Ni (high capacity), Mn (low cost), and Co (stability). | j[Nj ;,,Mn,,,]O, compounds, for the identification of two
Li[Ni 1sMnysCo15]O- has been reported by Ohzuku et al. 1o jithiym environments: Li in the lithium oxide layer and Li
have capacities of up to 19220 mA h g*.* This material  gychanged with nickel ions in the transition metal layef.
is also promising for battery applications because ithas beenthese previous studies identified the two environments
shown to have better thermal stability than LiGFO according to their chemical shifts. However, no analysis to
Structural properties are related to the electrochemical ascertain the varying degrees of disorder among materials
performance of cathode materials. The understanding of prepared under different conditions was provided. In this
lithium location and transport within the lattice is essential paper we demonstrate the use of solid-state NMR to quantify
to design concepts that will lead to the development of new the degree of cation disorder in Li[;MnyzCoy5O2 samples
materials’Li/ SLi solid-state NMR is an effective technique prepared by a variety of methods. We compare the NMR
to study these microscopic processes, especially when

coupled with X-ray diffraction that gives long-range struc- (5) Jouanneau, S.; Eberman, K. W.; Krause, L. J.; Dahn, JJ.R.
Electrochem. So003 150, A1637-A1642.
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Cation Disorder and Ordering in Li[NisMny3C0/3O>

data with neutron and X-ray diffraction studies of the same
materials. We extend the investigation to include both
quantification of cation disorder and comparison of chemical
shift trends among samples with differing degrees of disorder.
Solid-state NMR is an extremely valuable technique for
elucidating local ordering that may not be revealed by other
techniques. Evidence for charge ordering of the transition
metals within several of the samples is provided and used
to develop a local picture of the lithium environment. Here
it is useful to point out that two types of order/disorder are

discussed in the paper, the first being the disordering among

Ni?* and Li* ions which exchange places with each other in
the layered structure, termedtion disordeyand the second

is ordering of the transition metal ions within their layers to
form locally ordered domains, in accordance with the known
Ni2*~Mn** association, predicted in related structlt&sThe
latter is termed heréransition metal orderingfor clarity.

Experimental Section

Layered Li[NisMn1,3C0y3O, compounds were prepared by the
mixed hydroxide method. Stoichiometric amounts of Co{N®H,O
(Fisher), Ni(NQ),_6H0O (Alfa), and Mn(NQ), (Fisher, 50%
Solution) were mixed in deionized water and added dropwise into
a 1 M LiOH solution. The resultant precipitates were dried at 150
°C overnight prior to mixing with a stoichiometric amount of
LiOH_H,0 for samples (a) and (b) and 6-Li enriched@Os to
provide®Li enrichment for (c), (d), (e), and (f). The samples were
fired at 1000C for (a), (b), and (£3 h and quenched and (d) 12
h and slow-cooled. Samples (e) and (f) were heated to 1CGor
3 h and quenched.

6Li NMR spectra were acquired at a Larmor frequency of 29.7
MHz on a 4.7 T magnet, using a probe fitted to support 1.8 mm
diameter rotors, spinning at frequencies up to 50 kHz. The spectra
were referencedtl M LiCl, at 0 ppm. Spectra were acquired using
a Hahn-echo pulse sequence, with a/s7#/2 pulse, and 3.4s
pulse, using an echo delay of two rotor periods, and a recycle delay
of 500 ms. For all samples overnight acquisitions of roughly 50k
transients were obtained.

8Li spectral decompositions were performed using the xedplot
program in the Bruker XwinNMR software. This allows variation
of peak position, peak height, line width, and the ratio of Gaussian

to Lorentzian functions. 100% Gaussian line shapes were used, as

this simplifies the comparison of relative intensities. Error estimates
were based on comparisons of multiple deconvolution iterations,
which resulted in small variances in peak width and position.
Samples for powder X-ray diffraction (XRD) were measured on
a Bruker D8 Advance powder diffractometer using standard Bragg
Brentano geometry with Cu & radiation ¢ = 1.5406 A). Data
were collected from 10to 105 in 26, using a step size of 0.02
and a count time of 10 s. For powder neutron diffraction (PND)
experiments2 g of material was loaded in a vanadium can in an
Ar-filled glovebox. Patterns were collected over a 16 h period on
the C2 constant wavelength € 1.32778 A) powder diffractometer
at Chalk River Laboratories, Canada, in conventional Debye
Scherrer mode. Si powder (NIST 640c) was used as an external
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Figure 1. Rietveld refinements of powder X-ray patterns of samples (a)
(d) of LiCoy/3Ni1sMny30,. The experimental«) and calculated-{) data

are shown, along with the residual at the bottom of each plot. The positions
for the transition metal atoms Co, Ni, and Mn were fixed at the Wyckoff
position 3(a) in the unit cell, Li at 3(b), and O at 6(c). Atomic displacement
parameters, the fractional coordinatefor O, and the site occupancy
exchange of Ni and Li between sites 3a and 3b were refined in all cases,
the latter giving rise to values of (a) 2.7%, (b) 3.3%, (c) 7.3%, and (d)
5.5%.

Table 1. Summary of Rietveld Refinements of X-ray Diffraction
Data for Li[Ni 1/ 3Mn 1/3C01/3O2 Samples (a)-(d)

sample  a(A) c(A) V(A®)  Rup(%) Re(%) 22

(a) 2.85986(2) 14.2293(2) 100.787(2) 5.32  4.45 2031
2.85374(3) 14.2104(3) 100.223(3) 6.3 6.73 2.388

(c) 2.86729(2) 14.2600(2) 101.530(2) 3.79  2.85 2.178

(d) 2.86355(4) 14.2492(3) 101.188(4) 6.39  7.13 2545

the GSAS package with the EXPGUI interfdé@®ackgound, scale
factor, zero point, lattice parameters, atomic positions, and coef-
ficients for the peak shape function were iteratively refined until
convergence was achieved.

Results and Discussion

The X-ray powder diffraction patterns of four
Li[Ni 15Mn13C013)O, samples prepared under different con-
ditions are shown in Figure 1. Samples (a) and (b) were
prepared by reacting natural abundance LiIOLDKhith the
mixed hydroxides at 1000C for 3 h and quenching the
oxide. Samples (c) and (d) were prepared similarly but using
6-Li enriched LyCGO; instead of LiIOH_HO, and sample (d)
was slow-cooled rather than being quenched. All patterns
were indexed in the space groBBm, and refined using the
Rietveld method to yield the lattice parameters listed in Table
1 (crystallographic positions for Co, Ni, Mn, Li, and O were

calibration standard in a vanadium can and measured in the samdypical of those previously described in other publications:

configuration as the sample. Measurements were carried out from
5°t0 115 in 20 at 300 K, using a step size of 0. Powder neutron
and/or X-ray data sets were both refined by Rietveld methods using

see figure caption for details). Refinement in space groups
lower thanR3m such a$23;12 did not improve the goodness
of fit significantly from a statistical point of view for any of

(11) Meng, Y. S.; Ceder, G.; Grey, C. P.; Yoon, W. S.; Shao-Horn, Y.
Electrochem. Solid State Lef004 7, A155—-A158.

(12) Toby, B. H.EXPGUI, a graphical user interface f@SAS. J. Appl.
Crystallogr. 2001, 34, 210-213.
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Table 2. Results of Line shape Decomposition fofLi NMR Spectra of Li[Ni 13Mn 1, 3C01/3O2 Samples (a)-(d); Comparisons of the Degree of
Disorder Determined by NMR, from Integration of the Resonances, to Degree of Disorder Determined from Rietveld Analysis

chemical shift line width % Li/Ni disorder % Li/Ni disorder % Li/Ni disorder
sample preparation (ppm) (kHz) by NMR by XRD by PND
(a) heated 3 h, 100TC, quenched’(i) 506 20.0 2.5 2.7 3.0
1283 7.6
(b) heated 3 h, 1008C, quenched’(i) 483 19.4 3.6 3.3
1259 7.8
(c) heated 3 h, 1008C, quencheds(i) 470 17.5 45 7.3
1240 13.3
(d) heated 12 h, 100TC, slow-cooled §Li) 519 19.4 2.3 55
1280 6.7

aError estimates arg-10 ppm in the chemical shift antt0.2 kHz in line width.

' ' ' ' i O—M bond lengths and bond angles within the lattice.
| | ] Specific hyperfine shifts have been assigned to specific
lithium environments within transition metal oxides as shown
in the seminal work of Grey et al. on lithium manganafes®
. These shifts are based on two possible mechanisms of
interaction between the unpaired electrons and the lithium
nucleil® The first case is delocalization, which results in the

C [ ML L i ] positive transfer of spin density to the lithium nucleus via

| ‘ ! V) I' o the oxygen 2p orbital. The second possible transfer is through
. . . . . spin polarization, which results in negative spin density
2 40 60 80 100 induced on the lithium 2s orbital. Which of these two
Angle 20 (degrees) . .
mechanisms are active depends on the local geometry of the

Figure 2. Neutron diffraction pattern of sample (a) of LiGfNi1sMn1302 Ol ; i
and Rietveld refinement using the combined X-ray and neutron data. The M—O—Li interaction and the electronic structure of the

experimental4) and calculated{) data are shown, along with the residual.  transition metal ion. In general, delocalization is domirfdnt.
The positions for the transition metal atoms Co, Ni, and Mn were fixed at |n Li[Ni 1/3Mn4/3C0y/3]O2, Co*t is diamagnetic (low spin

the Wyckoff position 3(a) in the unit cell, Li at 3(b), and O at 6(c). Atomic 6a O : : : : !
displacement parameters, the fractional coordizater O, and the site tag°8°) SO it does not contribute spin density to the hyperfine

occupancy exchange of Ni and Li between sites 3a and 3b were refined, Shift. Ni#* (t2°e?) and Mrf* (high spin ) both

the latter giving rise to values of 2.9% for the combined XRD and neutron contribute to the observed hyperfine shifts.
refinement and 3.0% for the neutron refinement alone. The refinement . .
parameters includa = 2.8597(0) A,c = 14.227(0) A,Rup = 4.23%,Rs Figure 3a,b shows natural abundaritespectra (MAS

= 13.89%,y2 = 4.329. = 46 kHz) of Li[NiysMny; 3C0y3lO, samples. Spectra for
theSLi-enriched samples are shown in Figure 3c,d. In these

the materials. This takes into account that the greater numbeny terials, the oxidation states of the three transition metals

of variables in a refinement in a lower symmetry space group pave been previously determined to b&\NC*, and Mr+

will always produce a slightly better reliability fact®y,. by density of states calculations and XANES (X-ray absorp-
It makes it a poor indicator of the optimum space group iion near edge spectroscopy) d&tn all four spectra, two
unless the difference in the reliability factors is large, which groups of resonances are evident with large positive shifts
it was not for our materials. The degree of Li/Ni exchange qye to the Fermicontact interaction between the lithium
('I_'able 2) was lowest for samples (a) _and (b) prepared from uclear spins and the unpaired electrons of th&/Nin**
LIOH_H-0, namely, about 3.0%. This was confirmed for jons The set of resonances at lower frequency correspond
sample (a) by separately carrying out Rietveld refinement i, the | j present in the Li oxide layers, while those at higher
on its neutron diffraction pattern (Figure 2; Table 2). FitS gequency are assigned to Li located in the transition metal
using the neutron data alone, and fits using combined XRD |5yers. The presence of Li in the transition metal layer occurs

and neutron data, yielded essentially the same value of closesq 5 result of mixing with the similar-sized Niions. The
to 3.0% for the Li/Ni disorder. The PND pattern also showed (o ts of spectral decomposition performed to fit the line

no evidence of superstructure reflections arising from 1ong- ghapes are shown below the experimental data in Figure 3.
range order, suggesting that the space gi@mis the most  \yhen the area of the smaller peak is compared to that of
appropriate choice for describing the bulk properties of our q |arger peak (including its sidebands), the amount of cation
materials. The degree of cation disorder in these materials
is discussed below in the context of using NMR as a probe
(13) Lee, Y.J.; Wang, F.; Grey, C. P.Am. Chem. So&998 120 12601
of local order. 12613.
Probing the Degree of Cation Disorder by NMR. (14) Lee, Y. J.; Grey, C. RChem. Mater200Q 12, 3871-3878.
Lithium NMR spectra are strongly affected by the electronic (%) ;6"6‘2' %1 Jz"zgg_eéz\ggf" Ammundsen, B.; Grey, CCRem. Mater.
structure of the local environment within the material. They (16) Lee, Y. J.; Eng, C.; Grey, G. B. Electrochem. So2001, 148 A249—
ibi i i i i A257.
exhibit a wuje range of hyperflnej chemical shifts becapse (17) Grey. C. P Lee, Y. Bolid State Sci2003 5, 883-894.
of the Fermi-contact mechanism: the transfer of unpaired (18) Grey, C. P.: Dupre, NChem. Re. 2004 104, 4493-4512.
electron spin density from the paramagnetic ions to the Li (19) Carlier, D.; Menetrier, M.; Grey, C. P.; Delmas, C.; CederPGys.
nucleus. The Fermi-contact shift is additive with a magnitude 20) Ef’véfgz%(?%_?’%;?“&.o\?\ﬁ_ é;ﬁi?gfbeder Ghem. Mater2003

dependent on the number of d electrons as well as the Li 15, 3676-3682.

Intensity (a. u.)
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Figure 3. 5Li MAS NMR spectra acqwred at 29.7 MHz (4.7 T), under 46 kHz rotor spinning frequenues, in 1.8 mm rotors contbnimg) samples (a),

(b), and (c) heated fa3 h and quenched from 100C; (d) heated for 12 h and slow-cooled from 10@ The spinning sidebands are marked with asterisk
and the spectral decompositions are shown below the experimental data, with the fit in black. The residual difference between the fit and theakxperime
data is shown below the fit. Error estimates are based on the difference in peak area between repeated iterations of the deconvolution routine.

mixing (degree of cation disorder) can be determined. The Mn#* 80° Interaction: Ni2* 90° Interaction:
cation disorder was determined to be 2.5% and 3.6% for the ) w Eolasization
first two samples, which is in good agreement with the values Ni o
determined by Rietveld analysis of the X-ray powder

diffraction patterns for samples (a) and (b), of 2.7% and —e

3.3%, respectively. Analysis of the neutron diffraction pattern

of sample (a) gave essentially identical results (3.0%; Table

2). The cation disorder for samples (c) and (d) were 4.5%

and 2.3%, respectively. These cation disorder values are

lower than those obtained from diffraction (7.3% and 5%), b)

although the trend is consistent between these two materials more disorder

In both measurements, the highest degree of cation disorde (more Ni?* in 1= /

is found for sample (c). The anomaly in the trend among FR AR

the four samples found for sample (d) is attributed to local %ﬂ -— ’\

transition metal charge ordering, an effect which is not cgqrgination sphere) J

obseryed in 'the diffraction studigs. The error bars for the Figure 4 (a)Adiagrmw spin density is transferred from

chemical shift range and the line shapes broadened bythe para;'nagnetic center of the transition metal ions to the 2s orbital of the

paramagnetic interactions are about 10 ppm for the hyperfineLi* nucleus via the intervening oxygen orbitals. (i) A°90—O—Mn**

shit and 0.2 iz forthe ine widihs. This give an eror of Jrecen Farsieris Sostus o dens, b Seeatzass 7 1.2

about+0.1% for the degree of disorder. A summary of the tion. (b) Application of this model togexplgain NMFI)? resultswob¥a?ned for

chemical shifts and line widths is given in Table 2. materials such as Li[NikMn13Co1/5O5, in which cation mixing of L and
Correlations between Cation Disorder and Chemical Ni* occurs.

Shifts. The results in Table 2 show an important trend.

Samples which exhibit lower cation disorder have greater above for Fermi-contact shift interactions and depicted in

hyperfine shifts for both sets of resonances; this is most Figure 47-9151719In the case of the lowest disorder, we

apparent in the high-frequency resonance of the lithium ions expect a strong driving force for the association of“¥n

in the transition metal layer. It can be explained according near the Li in the transition metal layer, driven by

to the model for the transfer of spin density as described Coulombic force$.In the first coordination sphere of lithium,
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Figure 5. (a) Spectral decomposition of sample (d). The spinning sidebands
are marked with asterisk. (b) Proposed coordination environments for three
types of observedLi resonances in the main line shape, attributable to
local charge ordering.
Mn#* will interact with Li via a 90 delocalization of they},
orbitals with the Li 2s orbital via the oxygen 2p orbital. The /'\IJ

delocalization mechanism provides a positive spin transfer;
. i - —— "“'u"‘
thus, the highest shift is expected for the largest amount of v
Mn** in the first coordination sphere. Larger degrees of 4980 266 6 3006  bpa 4“" 30067 2000 ppm
disorder will interfere with the ordering of Mh and Lit, Figure 6. °Li MAS NMR spectra acquired at 29.7 MHz (4.7 T), under 46
allowing cobalt or nickel ions into this first coordination ggrzn r‘;’lteosf ?g)'”;‘r']rég(ffr)e\‘jv‘frgcﬁzztg‘ dlé wgafggsoéogﬁémﬁggﬁ:&ﬁpﬁé
sphere. Ni* ions cannot interact with lithium in the transition  spinning sidebands are marked with an asterisk and the spectral decomposi-
metal layer via delocalization, due to the lack of & &tbital tions are shown below the experimental data, with the fit in black. The
overlap, so the contribution to the chemical shift is a negative {re]ad_ual dn‘ferenge between the fit and the ex_perlmentgl data is shown below
. . . C . e fit. Error estimates are based on the difference in peak area between
spin transfer occurring via polarization of the lithium 2s  repeated iterations of the spectral decomposition routine.
orbital by the N#" e, orbital which polarizes the filled,§
orbital. Therefore, the materials with higher degrees of shows three distinct line shapes. These arise from the
disorder exhibit lower chemical shifts of lithium in the ordering of transition metal ions within the lithium local
transition metal layer. electronic environment. Sample (d) is unique, not only in
Comparing samples (c) and (d), the same trend is observedthe complexity of the line shape 6Ei within the lithium
chemical shifts of the more disordered sample (c) occur at oxide layers but also in that it was slow-cooled. We expect
lower frequency than the less disordered sample (d). Thethis to result in greater order within the sample.
trend suggests a correlation between chemical shift and To confirm this effect, two samples that were heated to
degree of cation disorder within mixed transition metal 1100°C were studied, which also show evidence of transition
oxides, a concept which has not been previously demon-metal ordering in the main resonance. These spectra are
strated. shown in Figure 6e,f. Table 3 includes a summary of the
Evidence for Transition Metal Charge Ordering. Analy- decompositions, including chemical shifts and relative areas
sis of the spectra shows a decreasing degree of cationof the three line shapes that contribute to this main resonance.
disorder for sample (d) that was slow-cooled, relative to the These two samples exhibit very low cation disorder deter-
other samples that were quenched. This trend is logical, andmined by NMR, as expected due to the higher firing
although there is a small discrepancy with the degree of temperatured Also, the higher chemical shift for the Li
cation disorder determined by Rietveld analysis, it is self- environment in the transition metal layer (greater than 1300
consistent to detect the presence of transition metal chargeppm in both cases) follows the trend of expecting lower
ordering in the sample which exhibits the lowest degree of disorder values.
cation disorder according to the NMR line shape and A driving force for ordering in these samples can be
chemical shift results. It is revealed by close examination of ynderstood by considering local charge balance. According
the main line shape of th&i NMR spectrum for sample  to Pauling’s rule of electroneutrality, the sum of the
(d). The large hyperfine shifts, compared to the other electrovalencies of the nearest neighbor cations should equal
samples, do support the lower cation disorder in sample (d)
established by NMR. Moreove_r, the spectral _decomposition (21) Lu, Z. H.. Chen, Z. H.. Dahn, J. REhem. Mater2003 15, 3214
for the central resonance of this spectrum (Figure 5) clearly 3220.
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Table 3. Summary of Decompositions of Samples Exhibiting Transition Metal Ordering

area ratio
chemical shift line width (highest frequency % Li/Ni disorder % Li/Ni disorder
sample (ppm) (kHz) to lowest frequency) by NMR by XRD
(d) heated 3 h, 10080C, slow cooled 748 115 1:2:1 2.3 55
519 10.3
236 10.2
(e) heated 3 h, 110TC, quenched 756 131 1:4:1.3 14 4.8
504 14.7
189 14.5
(f) heated 3 h, 1100C, quenched 744 135 1:4:1.6 2.0 3.5
520 15.0
220 155
Table 4. Possible Local Coordination Environments for Li" Nuclei, describes a scenario that would result in only one chemical
Corresponding to Line Shape Decomposition Given in Figure 7 e ; ; _
Based on the Pauling Electroneutrality Principle, and Propensity for shift in the NMR. IT the array we-_re organlzed to give Iong
Ni2*—Mn** Clustering range order, one single narrow line shape would result. Any
case N ot Mné+ chemical shift perturbation of the possible Ni/Co**/Mn*" arrangements
, ; around the Li center would simply result in an equivalent
(@) 2 2 2 intermediate frequency . .
(b) 1 4 1 low frequency shift but a broader line. Cases (b) and (c), on the other hand,
(c) 3 0 3 high frequency represent uneven distributions that would exhibit different

chemical shifts.

These three types of possible environments correspond to
the three line shapes present in the decomposition spectrum
for the sample which showed the smallest cation disorder
by NMR. Ni?" and Mrf* both transfer positive spin density
via the delocalization mechanism with the Li 2s orbital, 180
and 90, respectively. Following this model, case (b) is
dominated by diamagnetic €oand is therefore assigned
to the shift at lower frequency while case (c) is attributable
to the resonance at highest frequency. The area of these outer
peaks is roughly equal, suggesting that there is a similar
distribution of each coordination environment throughout the
lattice. This assignment is supported by several factors.
Considering all three possible arrangements, the total number

@ Ni2+ @ Co3* OMn* oLi* of ions of each type is the same for all three metals,
Figure 7. Proposed local charge ordering environments, based on the corresponding to the experimentally determined stoichiom-

combination of environments described in Table 4. Case (a) is indicated etry. As well, strong interactions between2Niand M+
by the blue circle, case (b) by the red circle, and case (c) by the green. !

circle. Solid lines represent the top transition metal layer, and dotted lines lons haye been shown to be favorable by first-principle
represent the bottom transition metal layer. Despite the local ordering around calculations which supports the fact that the greater number

the lithium nuclei, charge balance is maintained in both transition metal of Mn4+ ions in case (C) is accompanied by a greater number
layers. The intervening lithium layer is shown as isolated atoms at the centers

imolici of Ni?" ions?1t
of the octahedron. Oxygen atoms are left out for simplicity. o .
The “very local” nonrandom distributions of the different
the charge of the anion in ordered rock salt structed&his transition metal ion environments described above could

method has been used to understand local short-rangeextend to the formation of clusters or domains. The appear-
ordering in LbMnO; and the potential cathode material ance of domains within mixed transition metal oxides have
Li1 2Cro.4Mng 402.2% Li,MnO; is the classic example of a been observed using solid-state MAS NMR for solid solu-
material which long-range orders because of electroneutralitytions of the form LiNi-,C0,0,?° and Li[Li,CrMn;—4]O,®

and is identified through X-ray diffraction as#3anex x and by electron diffraction in Li[NLi 1/3-2¢3MnN2/3-x3] O2.2°
V/3anex superlattice according to Wood'’s notatiéh. A model of the local transition metal ordering in Li[M+

In Li[Ni 13Mn1,3C0y15]O- there are three different ways to  Mny2C0y5]O; is shown in Figure 7. Hypothetically, if these

distribute the transition metal cations around the lithium cation domains reached a critical size, they could become
nucleus that satisfy Pauling’s rule by preserving local detectable by techniques such as neutron diffraction (PND)
electroneutrality around oxygen. These cases are summarizethat are sensitive to long-range ordering. Our PND experi-
in Table 4 and illustrated in Figure 7. Case (a), wher&Ni  ments on these materials indicate this limit is not reached,
Co*t, and Mrf+ are evenly arranged around the Li atom, however, as no superlattice formation was observed. We note
that the degree of disorder and the existence of short- and

(22) Mather, G. C.; Dussarrat, C.; Etourneau, J.; West, AJ.RMater. long-range ordering are strongly dependent on the synthetic
Chem.200Q 10, 2219-2230.
(23) Ammundsen, B.; Paulsen, J.; Davidson, |I.; Liu, R. S.; Shen, C. H,;

Chen, J. M.; Jang, L. Y.; Lee, J. B. Electrochem. So2002 149 (25) Marichal, C.; Hirschinger, J.; Granger, P.; Menetrier, M.; Rougier,
A431-A436. A.; Delmas, C.Inorg. Chem.1995 34, 1773-1778.

(24) Strobel, P.; Lambertandron, B. Solid State Chenl988 75, 90— (26) Meng, Y. S.; Ceder, G.; Grey, C. P.; Yoon, W. S.; Jiang, M.; Breger,
98. J.; Shao-Horn, YChem. Mater2005 17, 2386-2394.
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conditions?®2%In particular, slow cooling and higher firing Conclusions
temperatures seem to minimize disorder and in turn minimize
irreversible capacity.In terms of preparation conditions, In summary, solid-statét i NMR has been shown to be a
sample (d), being heated at a high temperature for a |ongreliable method for determining the degree of cation disorder
time and slow-cooled, favors the low degree of /Ni2* within cathode materials, when compared to diffraction
cation disorder determined by NMR. Similarly, samples (e) studies combined with Rietveld refinement. This paper
and (f), which were heated to 1106@, also exhibited lower ~ presents the first evidence of local transition metal charge
cation disorder. ordering seen by any experimental technique for the
It is interesting to note that long-range ordering of the LN 13Mn15C0y3O2 compound and should provide further
transition metal ions in Li[NisMny,sCoy3O> was originally insight into the relationship betvyeen structura! propert-|es and
proposed by Ohzuku et al., based on calculations of the electr.ochemlcal performance in sgch matena!s. This Ipcal
formation energy’?8 Their suggestedy/3anex X +/3anex orderln_g of the transition metal ions is an intermediate
P3,12 superlattice consists of a single transition metal Scenario, between the full superstructure and a completely
coordination around the Li nucleus, equally ordered with random organization of the transition metal layers. This
2CF*—2Ni2f—2Mn** transition metal neighbofs. This indicates that, in these materials, the observed-NVn**
corresponds to the long-range ordered extreme of case (apssociation is only a weak thermodynamic driving force and
above. Observation of such a superlattice would likely be does not result in a complete structural organization, even
highly sample preparation-dependent, and the ordering couldunder carefully controlled synthetic conditions. The evidence
range over different domain sizes. The model presented hergfor charge ordering within the slow-cooled sample suggests
(Figure 7) differs in that the local ordering we propose is the possibility that this material may form a restricted
intermediate. It is dominated by a random distribution of superstructure and it may display superior electrochemical
two of each of the transition metal ions (case (a)) but includes behavior. These studies of the electrochemical performance
contributions from the two less random cases ((b) and (c)). of these materials and related materials of differing prepara-
Like long-range ordering, the local ordering model maintains tion methods are ongoing.

charge neutrality, but allows for the preferred association of Furthermore, we have shown a correlation between the
nickel and manganese ions. It also explains why, to date, degree of cation disorder in a given sample and the mag-
X-ray and neutron diffraction have failed to provide clear pjtyde of the NMR chemical shifts. While this effect may
evidence of the formei?**Finally, the observation of even  pe ynique to thé/s Y5 Y5 class of materials, it will be inter-
local transition metal charge ordering is dependent on a low esting to see whether it can be established in related materials.
degree of Li cation disorder, as high degrees of INi%"
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