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ABSTRACT: The layered oxides being considered as intercalation compounds for = *g?e?s®e?e®ssege

005€0%0g ©,
lithium batteries display significant differences between the long-range crystal 4’:5“‘;“‘;“3:'5*"‘ "
structure and local arrangements around individual atoms. These differences are B 20285 8680500s
important, because the local atomic environments affect Li-ion transport and, %0
hence, the oxide’s rate capability, by determining activation barrier energies, by = g0,
blocking or opening Li-diffusion pathways, etc. Traditional diffraction methods 'g S :é‘.’g:g.
provide key information on the average crystal structure. However, no single [1700] egggag':.;:;:é.:g
experimental technique can unequivocally determine the average long-range crystal Sgessssesec.s
structure and the distribution of local environments over crystallographic distances 2nm 538898000000, e ',%'&‘3‘ <8

while retaining atomic-scale resolution. Therefore, in this study, we have employed

a combination of diffraction, microscopy, and spectroscopy techniques to investigate the long-range (~1 um) and local structure
(=1nm) of Li; ,Cog 4Mng 40,, which is a model compound for layered oxides being considered for transportation applications. We
find that Li; ,C04Mng 40, contains mostly Mn*" in Li,MnOj-like atomic environments and Co>" in LiCoO,-like atomic
environments, which are intimately mixed over length scales of >2—3 nm, resulting in a Li; ,Co 4Mn 4O, crystallite composition
that appears homogeneous over the long-range. In addition, we observed a quasi-random distribution of locally monoclinic
structures, topotaxially integrated within a rhombohedral-NaFeO, framework. Based on these observations, we propose a dendritic
microstructure model for Li; ,Coq 4Mng 4O, consisting of well integrated LiCoO,- and Li,MnOs-like structures.
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B INTRODUCTION

The arrangement of atoms in the crystal lattice determines the
physical, chemical, thermal, and mechanical properties of materi-
als. In pure compounds and elemental crystals, every atom is
located on a periodic lattice array, especially at low temperatures,
to reduce the total energy of the system. Lattice parameters of the
periodic array are typically determined by diffraction techniques,
such as X-ray diffraction (XRD). In single-phase binary alloys of
isostructural materials, the lattice parameters are seen to vary
linearly with the composition of its end members (Vegard’s law).
Therefore, the constituent atoms may be assumed to occupy lattice
sites in the composition-averaged structure, an approach central to
the virtual crystal approximation (VCA) often employed in ab initio
studies of alloy mixtures.

In real materials, however, the constituent atoms may not sit
at the VCA sites. Atomic size differences, relaxations around
defects, and the tendency for like or unlike atoms to cluster can all induce
local lattice distortions, while preserving the long-range periodicity
of the overall structure. These local lattice distortions are typically
characterized by extended X-ray absorption fine structure (EXAFS)
measurements, which are well-suited for the determination of
nearest-neighbor spacing in crystal structures.' > For example, in
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Ga,;_,In,As solid solutions (x = 0—1), the changes in the average
cation—anion distance determined via XRD follow Vegard’s law,
whereas the actual nearest-neighbor spacings (Ga—As, In—As)
determined by EXAFS remain almost constant across the solid
solutions. That is, while the long-range structure in Ga;_,In,As
shows periodic variations with x in the XRD data, the local structure
around the cations (Ga, In) exhibits significant deviations from the
periodicity. This apparent discrepancy arises because Bragg peaks in
XRD patterns appear at positions determined by the composition-
averaged structure and, hence, provide long-range information,
whereas EXAFS provides short-range information on the crystal
structure.

The layered oxides that are being considered as positive elec-
trode intercalation compounds for lithium batteries also display
significant differences between the long-range crystal structure and
local arrangements around individual atoms. Among these oxides,
the structure—electrochemical-property relationships in LiCoO,,
LiNiO,, and LiNi;_,Co,0, samples have been investigated
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extensively." "' XRD studies have indicated that these compounds
have, in a general sense, a layered 0-NaFeO,-type structure (R3m
symmetry) in which the Na sites are occupied by Li and the Fe
sites are occupied by transition-metal (TM) ions, albeit with some
degree of interchange between atoms in the Li and Ni layers of
LiNiO,. However, EXAFS measurements around the Ni atom
in nearly stoichiometric LiNiO, show local lattice distortions; the
Ni is coordinated with four O atoms at a distance of 1.92 A and two
O atoms at 2.08 A."> This distorted octahedral coordination has
been ascribed to a noncooperative Jahn—Teller (JT) effect, which
is specific to Ni>* in the low-spin state, where the oxygen octahedra
about Ni** are distorted but not aligned throughout the sample."?
Similar local lattice distortions have also been reported in various
LiNi;_,Co,0, samples, although the corresponding XRD data
show no evidence of long-range lattice distortions. For example, in
LiNig,55C00150,,"" the Ni—O octahedra are distorted (four Ni—O
at 1.91 A, two Ni—O at 2.04 A) according to the JT distortion
expected for Ni*"; however, the Co—O octahedra are symmetric
(1.91 A), indicating the presence of the JT-inactive Co> " ion. The
size and shape differences between the Ni—O and Co—O octahe-
dra induce additional local distortions in the crystal structure. These
distortions in the TM—O octahedra are of consequence because
they induce distortions in the associated Li—O octahedra, which, in
turn, affect Li-ion motion and, hence, the electrochemical proper-
ties of the oxide.

In addition to lattice distortions, other effects, such as charge
ordering,"*~ ' clustering tendencies,'” and orbital ordering,'* may
serve to reduce the overall energy of the system and overcome the
configuration entropy contribution that serves to randomize the
distribution of cations in these oxides. For example, Li't—Mn*"
charge ordering is known to occur in the TM planes of Li,MnO;
(= Li[Lip33Mnge6]05); scanning transmission electron micro-
scopy (STEM) images of Li,MnO;'® show six Mn** around each
Li*, resulting in a /3 X /3 — R30° reconstruction in the TM
plane that produces a tessellation of edge-sharing LiMng
hexagonal units.'® Furthermore, the relative stacking of TM
planes within the layered rock salt parent structure, aligning
Li cations across successive TM planes, produces the mono-
clinic C2/m structure."® >' Ni** —Mn*" charge ordering also plays
a role in the TM planes of NaNiysMngsO, and LiNi sMngsO,
(prepared from NaNijsMn,sO, by an ion-exchange process), as
claimed by Bréger et al,** using nuclear magnetic resonance
(NMR) spectroscopy and neutron pair distribution function
(PDF) analysis, associated with reverse Monte Carlo (RMC)
calculations. For both compounds, one could expect both Ni and
Mn to be in the +3 oxidation state, in which both ions are
Jahn—Teller active. However, instead of undergoing a Jahn—Teller
distortion, the ions relax to Ni** and Mn*" and order, forming
alternating zigzag rows along the [ 1100] directions in the TM planes.
In LiNipsMnosO,, the Ni*"—Mn*" and Li*"—Mn*" correlations
suppress the Mn*" —Mn*" correlations, which are the least favorable
energetically. Similarly, in Li,MnOs, Li'"—Mn*" correlations are
favored energetically over Mn*" —Mn*" correlations.

Evidence of elemental clustering, forming local Li,MnOj3-like
and LiCrO,-like environments in the TM planes, has been
reported in as-prepared Li; ,Cro 4Mn40,.2> EXAFS analysis
of Li;»,Crp4Mng 4O, revealed that the atomic environment
about Cr contains six first O neighbors at 1.97 A and six metal
(Crand/or Mn) atoms at 2.89 A, in good agreement with both a
layered rock salt structure and the expected Cr’" —O bond in
octahedrally coordinated compounds. In addition, the atomic
environment about Mn consists of six O neighbors at 1.89 A and

four metal neighbors at 2.87 A, in good agreement with co-
ordination values and the Mn—O bond distance (1.90 A)
expected for Mn*" cations in Li,MnO;. In Li; ,Cro4Mno4Os,
the screened columbic repulsion between Cr’"—Mn*" and
Mn*"—Mn*" would be greater than that between Li'"—Mn*"
and Cr’"—Cr’" correlations. Therefore, assuming that charge
ordering energetics play a role, local clustering into Li,MnO5-like
and LiCrOy-like regions can be expected, driven primarily by the
lower energy penalty in forming the Li' ' —Mn*" correlations.

The local atomic structure, rather than the average long-range
structure, governs properties such as activation barriers, strain
fields, and steric hindrances that affect Li-ion transport in these
layered oxides and, hence, their performance during electroche-
mical cycling.24_26 In this article, we employ Li; ,Cog 4Mng 40,,
which may be described as 0.5Li,MnO5-0.5LiCoO, in two-
component notation,”’ as a model compound to study the
structure of Li;, (Ni,Co,Mn,); O, materials being consid-
ered for plug-in hybrid electric vehicle applications. We chose
Li; ,C00.4Mng 40, because the similarity of the M—O (1.91 vs
1.90 A) and M—M (2.82 vs 2.85 A) bond lengths in LiCoO, and
Li,MnOs, respectively, results in a much lower contribution of
bond strain relaxation to static disorder and, consequently,
improved accuracy of the EXAFS analysis.

We build upon our recent analytical electron microscopy (AEM)
study of Li; 5C004Mng40,,% complementing it with a combination
of techniques including scanning electron microscopy (SEM),
XRD, X-ray absorption spectroscopy (XAS), and electrochemical
cycling, in order to investigate the long-range and local structure of
Li; ,C094Mng 40,. These techniques provide information on oxide
morphology (via SEM), long-range structure (via XRD), oxida-
tion states and local structure (few coordination shells) of the
TM atoms (via XAS), and crystal structures and ordering in the
TM planes (via AEM). Studies of this nature are intended
to provide fundamental structural insights on layered oxides
that are needed to develop transformational materials with
high capacities, high power, and stable crystal structures for
Li-battery applications.

2. EXPERIMENTAL SECTION

Li; ,Co00 4Mng 4O, was synthesized from stoichiometric amounts of
Li,COj; and (CopsMng5)CO5 precursors that were thoroughly mixed
and calcined at 900 °C for 12 h in air. To compensate for possible lithium
loss during the high-temperature calcination, a small excess of lithium
(2 at.%) was used during sample synthesis. Electrodes for electrochem-
istry experiments were prepared by coating an aluminum foil with a
mixture containing Li; ,C0o4Mng 40,, SEG-6 graphite, acetylene black,
and polyvinylidene fluoride (PVDF) binder (84:4:4:8 by weight).

SEM analysis of the electrodes was conducted using a high-resolution
Hitachi Model S-4700 microscope with a field-emission electron source.
XRD data were collected on a Philips powder X-ray diffractometer, using
Cu Ko radiation for 20 values in the range of 10°—80°. XAS experi-
ments were performed in the PNC-XSD bending magnet beamline
(20-BM) of the Advanced Photon Source at Argonne National Labora-
tory. Measurements at the Mn and Co K-edges were performed in the
transmission mode using gas ionization chambers to monitor the
incident and transmitted X-ray intensities. A pair of Si(111) crystals
was used to monochromatize the radiation. A rhodium-coated X-ray
mirror was used to suppress higher-order harmonics. Energy calibration
was carried out using the first inflection point of the spectrum of the
appropriate metal foil.”

Transmission electron microscopy (TEM) samples were prepared
by punching a 3-mm disk from the coated electrode. The disk was
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Figure 1. (a) Electrode SEM image showing (1) Li; ,Cog4Mng40,,
(2) graphite, and (3) acetylene black. (b) Magnified view of the area
marked by a box in panel a, showing primary Li;;Cog4Mng 4O,
particles. Dotted lines highlight facets within a primary particle.

subsequently glued (coating side) onto a copper ring and the aluminum
foil was gently removed, leaving only the electrode coating on the copper
ring. The sample was then Ar-ion-milled from both sides at an ion energy
of 5 kV and low-incidence angle (6°) for 30 min, followed by further
milling for ~30 min at 3 kV to perforation. The ion-milled TEM sample,
which was cooled with liquid nitrogen during the milling process, provided
large electron transparent areas containing many oxide particles suitable for
crystal structure examination. Another set of TEM samples was prepared by
scratching off the electrode coating from the Al foil and hand crushing the
resulting powder with a mortar and pestle in a menthol dispersion. The oxide
suspension was then placed onto a holey carbon grid for TEM observation.

Lattice-resolution TEM and selected-area electron diffraction (SAED)
studies were carried out at 200 kV with a JEOL Model 2010LaBg instru-
ment. The samples were tilted in the microscope to examine the crystal
structure along various zone axes, and experimental SAED patterns were
compared to WebEMAPS?® simulations to assist interpretation. High-angle
annular dark-field (HAADF) STEM images were acquired using a JEOL
Model 2200FS instrument equipped with a probe aberration corrector
(CEOS GmbH, Heidelberg, Germany). The lateral resolution of the JEOL
2200FS instrument for HAADF imaging is ~0.1 nm. HAADF STEM,
which is a high-angle (~100 mrad) annular detector, is used to collect
incoherently scattered electrons while a narrow beam is scanned over the
specimen. Because the intensity recorded by the HAADF detector is
dominated by incoherent electron scattering rather than by Bragg diffrac-
tion, the resulting pixel intensity is proportional to Z", where n = 2 and Z is
the mean atomic number of the specimen area being sampled.>" Therefore,
HAADF imaging is also often referred to as Z-contrast imaging.

910 11
‘17 15\:920 ]
saaalasasaaay | T P e e L T s S T
70 80
20 / degree
(b) (©)
« 12 g
> E 3
% 0.75 :_ iwwwmmwwmm:
B oso b E
N i 3
m - -
0.25 | -
£E7E :
DoAY ) T I PN NI B AP it
20 25 30 3548 50 52
20 / degree

Figure 2. (a) XRD patterns from Li; ,Coo4Mng 4O, (black), Li,MnO3
(red), and LiCoO, (blue) samples. The patterns are indexed with
respect to R3m (Li;5;Cop4Mng40, and LiCoO,) and C2/m
(Li;MnOs) bases with lattice parameters indicated in Table 1. Addi-
tional peaks due to the carbonaceous binder (C and 2C), Li-ordering
(weak peaks in the 20° < 20 =< 26° range) and the sample holder (H)
are present in the Li; ,Co0p4Mng 40, and Li,MnO; (H only) patterns.
(b) 18° = 260 = 35° and (c) 48° =< 20 < 53° regions of the
Li; 2C0¢4Mng 40, and Li,MnOj patterns. The Li; ,Cog 4Mng 4O, pat-
tern shows monoclinic reflections (M1—MS) that indicate Li ordering at
the TM planes.

3. RESULTS AND DISCUSSION

3.1. Secondary Electron Microscopy. Figure 1 shows repre-
sentative SEM images obtained on the Li; ,Cog 4Mng 4O,-based
electrode. Figure la shows the presence of the oxide, carbons
(graphite, acetylene black), and the binder. The Li; ,Coo4Mng 40,
secondary particles are ~10 ¢¢m in size and composed of an agglom-
erate of primary particles ~0.2—0.5 #m in size. Figure 1b shows the
curved shapes of some primary particle boundaries; relatively clear
facets can be seen within some of the primary particles (for example,
those marked by black dotted lines).

3.2. X-ray Diffraction. Figure 2 shows three powder XRD
patterns from LiCoO, (blue), Li;MnOj (red), and Li; ,Cog 4M-
no40, (black) samples, respectively. Overall, the spectra present
relatively sharp peaks and high signal-to-noise ratios, indicative of
the good crystalline quality of the samples. The patterns can be
indexed with respect to appropriate unit cells (monoclinic for
Li,MnO; and rhombohedral for LiCoO, and Li; ,Cog4Mng,0,),
based on the reflections labeled with numerals on each spectrum.
Table 1 lists the results of least-squares refinement of lattice pa-
rameters of each spectrum. Refinement residuals, peak assignments,
observed and calculated peak positions, and overall 20 offsets are
listed in the Supporting Information (see Tables S1, S2, and S3).

In addition to peaks arising from graphite and the sample
holder (labeled C and H, respectively), a set of weak reflections
labeled M, with i = 1S, is also present in the Li; ,Co00.4Mng 4O,
spectrum. These reflections cannot be indexed in terms of a
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Table 1. Lattice Parameters Used To Index Powder XRD Patterns in Figure 1°

sample rhombohedral lattice monoclinic lattice
LiCoO, a=28082 A
c=14.0172 A
Li; 2C004Mng 40, a=28260 A an = 320 = 4.8948 A
c=14.1454 A by = 3a = 84780 A
AVegard = 2.826 (0%) o = sl + A)V? = 49894 A
CVegard = 14.129 (1.2%) Bm = arcsin[c/(3cp)] = 109.09°
Li,MnO; Aequiv = 2.845 (£0.001, 0.04%) a=49292 A
Coquiv = 142403 b =185307 A
c=5.0230 A
S = 109.09°

?LiCo0O, and Li; ,Coy4Mn,40, present a rhombohedral R3m structure, while Li,MnOj presents a monoclinic C2/m structure. An equivalent
monoclinic unit cell, derived from the R3m structure, is presented for Li; ,Cog 4Mng 4O, to facilitate comparison to the Li,MnOj lattice and to examine

the origin of the Li-ordering peaks in terms of a monoclinic Liry sublattice.

Co-K XANES
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0.00 L
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Figure 3. Normalized XANES spectra at the (a) Co K-edge and (b) Mn K-edge of Li; ,Cog 4Mng 40, (black), LiCoO, (blue), and Li,MnOj; (red)
samples. The inset in each figure contains a magnified view of the corresponding prepeak region.

rhombohedral structure, because of their absence in the LiCoO,
spectrum, but they can be indexed in terms of a monoclinic
superlattice, constructed from a unit cell derived from the rhombo-
hedral reflections and consistent with Li ordering at the TM planes
of the layered-rhombohedral Li;,Co4Mng,O, structure. The
monoclinic lattice parameters are also included in Table 1, while
the monoclinic indices of all Li; ,Cog 4Mng 4O, reflections are given
in Table S2 in the Supporting Information.

3.3. X-ray Absorption Spectroscopy. Normalized Co and
Mn K-edge XANES spectra for as-prepared LiCog 4Mng 4O, are
shown in Figures 3a and 3b, respectively. Each spectrum is plotted
together with a LiCoO, or Li,MnO; standard for comparison;
the prepeak area of each sample is shown in more detail in the
corresponding inset. It is evident from Figures 3a and 3b that the
energy position and edge shapes for as-prepared LiCog 4Mng 4O, are
very similar to those from LiCoO, and Li,MnOQj standards, in which
Co and Mn are in the +3 and -4 oxidation states, respectively.

Figure 4 shows Co K-edge and Mn K-edge EXAFS spectra
recorded from a Li, ,Cog4Mng 40, sample (black lines); these

spectra are compared with Co K-edge spectra from the LiCoO,
sample (blue lines), and Mn K-edge spectra from the Li,MnO;
sample (red lines). Panels on the left of Figure 4 ((a), (c),
and (e)) present Co K-edge spectra of the Li; ,Coy4Mng 40,
sample and the LiCoO, standard, while panels on the right of
Figure 4 ((b), (d), and (f)) present Mn K-edge spectra of the
Li; ,Cop4Mng 4O, sample and the Li,MnOj; standard. The top
panels (Figures 4a and 4b) contain the (k3—weighted) EXAFS
% (k) spectra, while the middle and bottom panels show its
Fourier transform F[)(R)]; Figures 4c and 4d show the ampli-
tude, and Figures 4e and 4f show the real part. The line color used
for each spectrum is indicative of the originating sample, as
explained above. Note that the Mn spectra are truncated at k =
11 A7, to avoid the overlap of any signal from Fe impurities.
It is evident that both Co and Mn EXAFS spectra from the
Li; ,Co004Mng 40, sample (black lines in Figures 4a and 4b,
respectively) are remarkably similar to those of the correspond-
ing LiCoO, and Li,MnO; standards. The amplitude of the
Co—Li;,Co04Mng 40, EXAFES spectrum is smaller than the
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Figure 4. (ab) k>-weighted EXAFS spectraand (c—f) corresponding k>-weighted Fourier transforms [ (c,d) amplitude, (e,f) real part]. The spectra have
been acquired at the (a,c,e) Co K-edge and (b,d,f) Mn K-edge of Li; ,Co004Mn 40, (black), LiCoO, (blue), and Li,MnOj; (red) samples. Fourier-
transformed spectra have been normalized to unit intensity at the first coordination shell.

Co-LiCoO, spectrum amplitude for k 24 A™', suggesting a
reduced coordination of higher-Z elements (Mn, Co) to Co than
in LiCoO,. In contrast, the Mn- Li; ,C0g4Mny 40, EXAFS
spectrum has similar amplitude to the Mn—Li,MnOj spectrum
throughout the entire k-range observed. These observations
suggest that the local environments of Co and Mn absorbers in
Li; ,C094Mng 4O, are structurally similar to those in LiCoO,
and Li,MnOs.

Structural information in EXAFS spectroscopy arises from
interference of the photoelectron wave function with nearby
atoms, which results in a modulation of the X-ray absorbance.
Fourier transform (FT) spectra are commonly used to interpret,
qualitatively, the structural information contained in the EXAFS
spectrum, because different atomic shells contribute intensity
to the FT-EXAFS at positions close to their distance from the
absorber. However, note that the partial signals coming from
different scattering shells are phase-shifted by different, element-
specific amounts. Therefore, the effective scattering path dis-
tances, which are the abscissa of the FT-EXAFS plots, are approxi-
mately 0.3—0.4 A shorter than the actual interatomic distances in

the structure, and detailed modeling is required to extract
accurate bond lengths from the spectrum.

Figures 4c and 4d present the modulus of the FT-EXAFS of
Li; 5C004Mng40,, LiCoO,, and Li,MnOj at the Co and Mn edges.
Both edges show pronounced peaks at R =~1.5 A, corresponding to
scattering from the nearest-neighbor O-coordination shell (M—O),
and at R == 2.4 A, mainly because of TM atoms (M) in the second
coordination shell (M—M). Li atoms, although also present in the
second coordination shell, are light scatterers and provide a negli-
gible contribution to the EXAFS signal. In addition, a clear shoulder
occurring at R = 3.0 A is present in the second EXAFS peak of both
spectra, because of scattering from nearby O atoms in the third
coordination shell about the metal absorber (M—02). This shoulder
is more pronounced at the Mn-edges, because of the smaller relative
intensity of the Mn—M than the Co—M peak. Every spectrum in
Figure 4 has been scaled to the intensity of the M—O FT-EXAFS
peak to facilitate comparison. It can be readily seen that the Co—Co
intensity of the LiCoO, standard (the blue line in Figure 4c) is ~3
times larger than the corresponding Mn—Mn intensity of the
Li,MnO; standard (the red line in Figure 4d), because of the lower

2043 dx.doi.org/10.1021/cm200250a |Chem. Mater. 2011, 23, 2039-2050
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Table 2. Parameters Obtained from Least-Squares Fits of Experimental EXAFS Spectra Acquired at the Co K-edge and the Mn
K-Edge of the LiC00O,, Li; ,Coy 4Mn( 40,, and Li,MnO; Samples

Co K-Edge Mn K-Edge
LiCoO, Li; ,Cop4Mng 40, Li,MnO3; Li; ,Co¢4Mng 40,
s 96 46 252 169
Sy’ 0.783 £ 0.075 0.783 0.666 & 0.110 0.666
metal coordination 6 5.30 £ 0.73 3 3.25 4+ 1.07
£ 0.655 % 0.942 eV 0.704 + 0.741 eV —0.10 & 2.09 eV 021+ 1.85¢eV
UZ
o1 (3.12 £ 1.06) x 107* A® (324 +£052) x 107* A? (123 £ 1.36) x 10 * A? (1.89 £ 0.99) x 107 % A
M (2.04 £ 0.68) x 107* A (342 +£091) x 107* A? (292 £ 1.53) x 107° A? (192 £ 2.18) x 1072 A®
Reg
o1 1.916(7) A 1.916(5) A 1.904(10) A 1.905(10) A
M 2.823(5) A 2.834(3) A 2.853(13) A 2.855(6) A
02 3402 A 3411 A 3511A 3.486 A
Co-K EXAFS Mn-K EXAFS

FIx(R)]

Figure 5. Least-squares fits of calculated FT-EXAFS phase and amplitude functions (continuous lines) to the experimental EXAFS spectra (dashed
lines) shown in Figure 4. The spectra were acquired at (a, c) the Co K-edge and (b,d) the Mn K-edge of the Li, ,Co0p4Mng 40, sample (black), the
LiCoO, sample (blue), and the Li,MnOj; sample (red). Dotted lines delimit the fitting ranges being considered.

M—M coordination in the Li,MnOj structure than in LiCoO,
(3 and 6, respectively). Correspondingly, the Li;>C04Mn4O,
sample (black lines) shows =25% lower Co—M intensity than
LiCoO, and =~30% higher Mn—M intensity than Li;MnO;. These
intensity differences are present throughout the entire spectra, with
Li; ,C00.4Mny 4O, generally showing lower intensity than LiCoO, at
the Co edge and somewhat higher intensity than Li;MnQ; at the Mn
edge, but keeping the same overall shape.

The same qualitative comparison can be made on the real
part of the FT-EXAFS spectra (Figures 4e and 4f). Overall, the
Li; 5Co04Mng 4O, spectra at the Co/Mn edges present a reduced/
increased amplitude, with respect to the corresponding standards,

but keep almost-perfect phase matching up to R = 7 A. The overall
shape similarities and phase match of the Li; ,Coy 4Mn, 4O, EXAFS
spectra at Co and Mn edges to the standard spectra are indicative
of the local atomic environments of Co and Mn being similar to that
of LiCoO, and Li,MnOs3, respectively; significant structural differ-
ences, if any, occur further than 3 or 4 nearest-neighbor distances
away from the absorber. The EXAFS oscillation amplitude differ-
ences, with respect to the standards, indicate a small degree of light
scatterer substitutionals (Li atoms or vacancies) at M-coordination
shells about Co (diminished amplitude) and, correspondingly,
heavy scatterer substitutionals (Co or Mn) at Li-sites in the Mn—M
coordination shells (increased amplitude).
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The above qualitative observations can be confirmed by quanti-
tative analysis of the EXAFS spectra to obtain structural parameters.
This analysis is performed by least-squares fits of ghase and ampli-
tude functions, generated by the FEFF 6 code,* to the first two
peaks of the Co and Mn FT-EXAFS. The calculated (continuous
lines) and experimental (dashed lines) FT-EXAFS spectra are com-
pared in Figures Sa—d. Both the real part and amplitude (plotted as
the envelope of the real part) of the FT-EXAFS are presented at the
Co edge (Figures Sa and 5c) and the Mn edge (Figures Sb and 5d)
of LiCoO, (Figure Sa), Li,MnO; (Figure Sb), and Li; ,Coo M-
n 40, (Figures Sc and 5d).

Table 2 summarizes the structural parameters resulting from
the fitting procedure described in the Supporting Information;
corresponding fits to the experimental data are given in Figure S.
In Table 2, the metal coordinations about Co and Mn in the
Li; ,C004Mng 4O, sample are 530 £ 0.73 and 325 £ 1.07,
respectively. The corresponding coordination values for Co in
LiCoO, and Mn in Li,MnO3 are 6 and 3, respectively. The expected
coordination value for Co and Mn is 4.8 if these elements are
randomly distributed in the TM plane of the Li;,Cog4Mng 40,
sample. For a structure where excess Li atoms occupy the (@) sites
ofa /3 x /3 sublattice in the TM planes, and Co and Mn occupy
the remaining sites with equal probability, the coordination value for
Co and Mn would be 4.5. Therefore, the Co—M coordination
value in Li; ,Coy4Mng 4O, is consistent with a structure model in
which Co and Mn are randomly distributed in the TM plane, and a
structure model in which Co and Mn segregate to form LiCoO,-like
and Li;MnQOj5-like areas. However, the Mn—M coordination value
is closer to the latter structure model.

Furthermore, the R g value for the Mn—M shell of Li; ,Coy 4M-
19405 (2.855 = 0.006 A) is essentially identical to that of Li,MnO;
(2.853 & 0.013 A). The Co—M shell of Li; ,Cog sMng 40, (Reg =
2.834 =+ 0.003 A) is somewhat larger than the Co—Co shell of
LiCoO, (Res = 2.823 % 0.005 A). Taken together, these observa-
tions suggest that excess Li at the TM planes of the Li; ,Coy 4M-
19,40, sample cluster preferentially around Mn atoms, resulting in a
bimodal distribution of local chemical environments: Li,MnO3-
like around Mn atoms and LiCoO,-like around Co atoms. Devia-
tions from the M—M coordination values expected for LiCoO, and
Li,MnOj can be attributed to boundary atoms shared by LiCoO,-
and Li;MnOjs-like clusters. In addition, the coexistence of LiCoO,-
and Li;MnOj-like environments with different bond lengths (~1%
mismatched) results in tensile strain on the LiCoO,-like domains.
This interpretation is consistent with the ~1.5X increase of the
disorder parameter of the Li; ,Coy4Mnj 40, Co—M shell [0* =
(3424 091) x 10> A%], with respect to the same shell in LiCoO,
[0® = (204 £ 0.68) x 10~ A%}, which is indicative of a more-
disordered bonding environment. On the other hand, a structure
model in which Co and Mn are randomly distributed in the TM
planes would result in similar M—M shell radii, disorder parameters,
and M—M coordination for the Co and Mn absorbers.

3.4. Transmission Electron Microscopy. Both X-ray techni-
ques, XRD and XAS, provide sample information that constitutes
an average over macroscopic sampling volumes. TEM analysis,
on the other hand, allows the study of local variations in samples
at nanometer scales. Simultaneous recording of real-space images
by high-resolution electron microscopy (HREM) and HAADF-
STEM, and of the reciprocal lattice by SAED, has been exten-
sively applied to study the structure of Li-bearing oxides, |6~ 1821344

In a recently published study,”® we obtained SAED patterns,
HAADF-STEM images, and EELS spectra from Li; ;Coq4M-
ng 40, samples to examine the local atomic structure and compared
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Figure 6. (a) [0001] SAED pattern of a Li; ,Co4Mng 4O, (primary)
particle showing rhombohedral (fundamental) reflections and
(monoclinic) 1/3 super-reflections along {1120}. (Reproduced with
permission from ref 28. Copyright 2011, Elsevier.) (b, c) Simulated
SAED patterns from equivalent zone axes in LiCoO, and Li,MnOs,
obtained using WebEMAPS.*

the data with similar information from Li,MnO; samples. In par-
ticular, we are interested in the possible segregation of LiCoO,- and
Li;MnOj3-like domains in Li; ,C0o4Mng4O,. In the following
paragraphs, we summarize the main observations of our previous
AEM study, in the interest of completeness and for the convenience
of the reader. Later, we integrate these AEM results with the new
data reported in this paper to propose a structural model, at the
nanometer scale, of the integration of Li;MnOj; and LiCoO, blocks
in the TM planes of Li; { 4 /3C0;_ My 30,, as a function of LiCoO,
content. Only those results necessary to develop the proposed model
are reproduced here, from ref 28, to which the reader is referred for full
details of our AEM investigation.

SAED and HAADF-STEM present clear coexistence of Li-
Co00,-like and Li,MnOj5-like domains, while EELS shows rela-
tively small (~10%) variation of the Co/Ni ratio in the TEM
foil, down to thicknesses of 2—5 nm. The SAED carried out on
individual grains of an ion-milled sample with selected-area aper-
tures of 0.5 nm are exemplified in Figure 6a. The pattern exhibits
strong rhombohedral reflections, indexed in four-index noatation,
remisniscent of a LiCoO,-like layered structure (see simulated
pattern in Figure 6b). Superimposed onto the fundamental reflec-
tions are weaker 1/3 super-reflections that are associated with Li
ordering in Li;MnOj-like domains. These super-reflections occur
along three equivalent {1120} poles, rather than just one as would
be expected in a single-crystal monoclinic Li,MnO; sample (see the
simulated pattern in Figure 6¢). Therefore, the experimental pattern
can be interpreted as the superposition of a rhombohedral LiCoO,
pattern and three monoclinic Li,MnO; patterns rotated 120°
about the [0001] axis. Moreover, it can be understood as originating
from coexisting rhombohedral (LiCoO,-like) and monoclinic
(LiyMnOj-like) structural domains as follows.

The monoclinic structure of Li;MnO5 and the rhombohedral
structure of LiCoO, both consist of an alternating sequence of
close-packed atomic planes, following a NaCl-like ABC stacking
sequence with a Li-O-TM-O repeat motif. The basal TM plane
of Li,MnOj5 can be viewed as a 4/3 X /3 — R30° reconstruction
of the LiCoO, basal TM plane, where Li atoms substitute for Mn
at the sites of the Lipy; reconstructed sublattice with Li atoms
surrounded by six Mn neighbors in a LiMng configuration and
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Figure 7. (a) HAADF image at the edge of a cleaved Li; ,Cog 4Mn, 4O,
grain along the [ 1100] zone axis. (b) Plot of HAADF intensity integrated
along the corresponding rows in panel a. (c) HAADF intensity profile
along the atomic row marked “2” in panel a. (d) HAADF intensity profile
along the atomic row marked “1” in panel a. (All images in this figure
have been reproduced with permission from ref 28. Copyright 2011,
Elsevier.)

Mn atoms having three Li and three Mn neighbors. The monoclinic
symmetry of Li,MnOj; stems from the relative alignment of Lity
sublattices across consecutive TM planes in the stack. As a conse-
quence, and neglecting small lattice constant variations that can be
accommodated by lattice strain in actual samples, Li;MnO; shows a
high structural compatibility with LiCoO, and both structures can,
in principle, coexist together, sharing a common fcc-O lattice. In this
context, there are three possible relative orientations (topotaxial
relations) of the Li,MnO; and LiCoQ, structures: these are the
120° rotations of [001 ] about the [0001 ] axis. All three orienta-
tions share the TM plane of both Li,MnOj3 and LiCoO,, but the
Li,MnO; c-axis (the Liry; alignment direction across consecutive
TM planes) can assume any of three possible orientations, viz,
parallel to the [1101], [0111] or [1011] directions in LiCoO,, the
orientations of which differ from each other just by a 120° rotation
about the [0001] axis.

Within individual TM planes, hexagons of LiMng and Co,
coexist as building blocks of Li,MnO; and LiCoO,. These are
best-imaged in Z-contrast with the TM planes viewed edge-on, in
the direction perpendicular to the bonds. In such a projection,
atomic columns in LiMng domains follow a succession of pure Li
and two pure Mn columns, which result in an alternating sequence
of two high-brightness spots and one dark spot in HAADF-STEM
images, with a periodicity of 0.42 nm (= 3 X 1.4 nm). Correspond-
ingly, LiCoO, domains consist only of pure Co columns, which
appear as high-brightness columns with 0.14 nm separation in
HAADEF-STEM images. Figure 7 exemplifies the HAADF-STEM
observations obtained in this fashion; further experimental images
can be found in Figure S2 in the Supporting Information.

Figure 7a presents a [ 1100] micrograph of a thin region (a few
nanometers thick) at the edge of a cleaved grain in a Li; ;Mng 4.
Co.40, crushed powder sample. The thickness of the specimen
increases from right to left in the micrograph, resulting in increasing
average intensity. A clear Li,MnOj3-like dot contrast is seen along
some of the projected (0001) planes, while some (0001) planes
show LiCoQ,-like continuous contrast.

Figure 7b shows the integrated intensity along the entire rows
of Figure 7a. It can be seen that TM planes showing a pronounced
dot contrast (e.g,, the row marked “1” in Figure 7a) present a
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Figure 8. First-cycle (a) capacity—voltage and (b) dQ/dV plots,
obtained from a Li; ,Co04Mng4O,//Li cell. The inset in panel b is a
dQ/dV curve from a LiCoO,//Li cell.

somewhat reduced integrated intensity, with respect to neigh-
boring planes, suggesting a lower TM content.

Figures 7c and 7d respectively show HAADF intensity profiles
along the projected TM panes marked “2” and “1” in Figure 7a.
The bright-bright-dark pattern along row 1 is clearly visible in
the intensity profile in Figure 7d, where every third period in the
intensity modulation is suppressed, although the separation
between two consecutive bright dots is not nearly as pronounced
as the intensity dip between two consecutive pairs of bright dots.
The intensity profile in Figure 7c, corresponding to row 2 in
Figure 7a, presents a periodic intensity modulation where each
atomic column is clearly resolved.

EELS spectra were acquired in STEM mode, usinga 1—1.5 A
wide electron probe, on several [1100]-oriented grains from both
ion-milled and crushed-powder samples. In order to minimize
beam damage, EELS scans were recorded taking care to confine
the beam path to a region of the sample presenting either clear
dotted Li,MnO5-like or continuous LiCoO,-like contrast, similar
to that presented in Figure 7. Comparison of the area under Co L,;
peaks (for details, see ref 28) in both spectra suggests that the
Co/Mn atomic concentration ratio is 2 10% larger at regions of the
image displaying continuous contrast. This value is a lower estimate
of the actual composition difference between Li,MnOs-like and
LiCoO,-like contrast regions in sample thicknesses in the range of
2—S nm.

3.4. Electrochemistry. Figure 8 shows the electrochemical
profile, and the corresponding differential capacity (dQ/dV vs V)
plot of a Li;;Cop4Mng40,//Li cell during its first char-
ge—discharge cycle between 4.3 V and 2 V with a current of
5.4 mA/g. The charge curve shows a rapid initial voltage rise
to ~3.9 V, after which the cell voltage continues to increase
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Figure 9. (a) Schematic model structure of a TM plane in Li; ,Cog 4M-
n9.40,, showing coexistence of Co and LiMn, domains. Large blue and
magenta spheres represent Co and Mn atoms, respectively; small yellow
spheres represent Li atoms. In-plane sections of the rhombohedral (R)
and monoclinic (M) unit cells are indicated in the figure. Periodic
boundary conditions connect the top and left edges of the figure with the
bottom and right edges, respectively. Therefore, the particular model
shown contains only one Co and two LiMn, separate clusters. In
addition, projected atomic columns along (1100) (e.g., left to right)
contain approximately equal amounts of Co and X atoms, where X varies
across columns following a Mn—Mn—Li sequence consistent with
STEM results. (b) Illustration of the early stages of model generation
showing one LiMn, and one Co cluster randomly placed on the board.
Empty sites are indicated by faded colors.

monotonically at a much slower rate; the corresponding dQ/dV
plot shows a relatively sharp peak near 3.9 V. A similar sharp peak
at 3.9 V is also visible in the LiCoO, dQ/dV spectrum (see inset
of Figure 8b); this 3.9 V peak corresponds to the insulator-to-
metal transition of LiCoO,, which has been reported to resultin a
biphasic region. Therefore, the ~3.9 V peak in the Li; ,Coq 4M-
1940, dQ/dV plot indicates that the sample has considerable
LiCoO,-like character.

While examining the electrochemical and thermal behavior of
LiCo;_.[MnMg]. O, samples, Luo et al.® noted that even small
additions of Mg and Mn (z = 0.1) to LiCoO, reduce the intensity of
the 3.9V peak in dQ/dV plots; the peak was nonexistent at z > 0.2
(ie, when more than 20% of the Co is replaced by Mg and Mn).
A similar observation was reported by Zeng et al,*® who
doped LiCoO, with Ni and Mn to generate a series of Li-
[Ni,Mn,Co(;_2,)]O, samples. The 3.9 V peak in the dQ/dV
plots gradually broadened as x increased from 0.02 to 0.15, and
then disappeared for x > 0.2. That is, the LiCoO,-like character
in Li[Ni\Mn,Co(;_2,)]O, samples disappeared when more
than 20% of the Co was replaced by Ni and Mn. This
disappearance was correlated to the gradual loss of intensity
observed in NMR spectra at resonances resulting from the
presence of Li(Cog) ™™ (Cog)**™* local environments. The
change in lithium-ion deintercalation mechanisms for x = 0.2
was ascribed to the disappearance of isolated Co®" clusters.*

In contrast, therefore, is the relatively sharp 3.9V dQ/dV peak
in the Li; ,Coy4Mng 40, (= Li[Li,Co04Mng 4]O,) samples, in
which 60% of the Co is replaced by Li and Mn. Taken together
with the NMR data reported by Zeng and co-workers,** our data
indicate that the LiCoO,-like areas within Li;,Cog4Mng 40,
extend over at least 2 to 3 coordination shells (i.e., a radius of
~4 A from the central Co atom).

The intensities in the Li;,Cop4Mny40, dQ/dV plot
between 3.9 and 4.2 V are likely associated with a series of lattice
arrays, having distinguishably characteristic Gibbs energies,

that are formed in the oxides as the Li lattice occupancy fraction
progressively decreases during oxide delithiation. During cell
discharge from 4.3 V to 2V, the cell capacity was only 60 mAh/g,
which is lower than the 80 mAh/g charge capacity obtained for
the same voltage window; this capacity difference, which was not
observed during subsequent cycles, may be partially attributed to
kinetic factors that limit the oxide’s ability to intercalate Li" at the
currents used for cycling.*” The discharge cycle dQ/dV plot is
similar to that for the charge cycle, allowing for the capacity loss
and polarization effects associated with the cell's nonzero impedance.

3.5. Structure of TM Planes. Evidence for the existence of
distinct Li;MnO3 and LiCoO, building blocks in the as-prepared
Li; ,Cop4Mng 4O, sample can be summarized as follows. The
electrochemical behavior of Li; ;Cog4Mng 4O, under initial charge
suggests significant LiCoO,-like character, while the XAS data
indicate that a majority of TM atoms consist of Co®" and Mn**
in LiCoO, and Li,MnO; chemical environments, extending at least
6—7 A away from the corresponding TM atomy; i.e., over the spatial
sensitivity range of the EXAFS probe. XRD data reveal an overall
layered rock salt (rhombohedral) framework with trace monoclinic
reflections. SAED, which is much more sensitive to local arrange-
ments, because of the smaller coherence length of the electron
probe, reveals Liry; ordering in a monoclinic sublattice that locally
exists in either of three orientations (120° rotations of [001 ]y, about
the [0001]y axis), coherent with the overall rhombohedral frame-
work. HAADF-STEM images display two different types of contrast
along TM-rich planes, dotted and continuous, respectively con-
sistent with locally monoclinic (Li,MnOs-like) or rhombohedral
(LiCoO,-like) structures. However, EELS examination did not
reveal significant composition differences between both types of
areas. These observations suggest an overall thombohedral structure
in which TM planes Co and LiMn, building blocks are integrated and
share common O and Li planes, as has been previously proposed.'®*”

In the following paragraphs, we focus on understanding the
distribution of Co, Mn, and Li on a TM-rich plane. Our goal is to
map, as a function of composition, the geometries that (1) result
from combining Co and LiMn, clusters with a minimum size
greater than ~7 A, consistent with our EXAFS results indicating
LiCo0O,- and Li,MnQj5-like near-atomic environments about Co
and Mn, respectively; (2) are consistent with a homogeneous
Co—Mn distribution at a probing scale of a few nanometers,
as suggested by our EELS results; and (3) result in projected
structures consistent with experimental HAADF-STEM images.
Rather than attempting full-fledged ab initio or molecular dy-
namics (MD) modeling of Li; ,Co4Mn40,, which falls be-
yond the scope of the present work, we employ a stochastic
algorithm to generate model TM-plane structures (Figure 9a)
corresponding to possible microstates present in the ensemble of
a Lij 1/3Co;_Mn,,,30, sample. By choosing a suitable mini-
mum cluster size, common to LiMn, and Co clusters, these
model microstates are constrained by construction to be con-
sistent with our EXAFS results.

Our modeling process starts with a two-dimensional board
containing a hexagonal lattice of empty sites (faded-colored spheres
in Figure 9b) on which periodic boundary conditions are imposed.
This board is congruent with the /3 X /3 —R30° Lipy sublattice,
with sides running parallel to (0110) directions in the hexagonal
plane. The board length (s) is defined as the number of second
nearest-neighbor spacings (ie., Liryr—Lipy & 4.9 A in Li,MnO3)
along its side. In order to generate a model structure of size s and
composition p LibMnOj3+ (1 — p) LiCoO,, the board is populated
according to the following algorithm.
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First, an empty board site is randomly selected, which becomes
the center of the 21-atom cluster to be filled. Then, a cluster type,
either Li,MnOj; or LiCoO,, is chosen with probability p deter-
mined by the intended model composition. For a Li;MnOj;
cluster type, Li atoms are placed at the cluster center, as well as its
six second-nearest neighbors; and the 14 remaining cluster sites,
all of them nearest-neighbors to Li, are filled with Mn. For a
LiCoO, cluster type, all 21 sites in the cluster are filled with Co.
Figure 9b presents an example of the earlier stages of model
generation containing two clusters: one Co and one LiMn,.

The above process is iterated until the entire board is filled. As
the board is populated, the probability that the new cluster would
overlap already populated sites increases. If the new cluster,
centered at a randomly selected empty site, overlaps filled sites of
equal type, the cluster type is not selected randomly, but the
existing region is expanded to fill the new cluster.

Figure 9a presents a typical model structure of a Li; ,Cog 4M-
10940, TM-plane generated using the above algorithm. In particular,
the board side is s = 20 Lirp;— Liy spacings long (~10 nm), and the
target composition is p = 0.5. The actual model composition
corresponds to 0454 (Li,00sMngg9403) + 0.546 (LiCoO,), after
introducing appropriate Li and O planes. The overall geometrical
features of the model are consistent with experimental results,
although no configuration energies were considered in generating
the model. In particular, most of the metal atoms in the model
experience an end-member-like atomic environment up to, at least,
two or three in-plane nearest neighbors (~5 and 6 A, respectively). In
addition, when this plane is projected edge-on (e.g, from left to right
in the figure), its (1100)-projected columns contain ~50% Co and
~50% Mn or Li.

The particular model structure shown in Figure 9a contains
two separate Li,MnOj regions and one continuously connected
LiCoO, region. Our algorithm does not consider misaligned
Li,MnOj regions. Nevertheless, the relative alignment of differ-
ent LiMnO3 domains overlapping within the sample depth is
responsible for the observed continuous or discontinuous HAA-
DE-STEM contrast, which is proportional to the atomic mass of
the projected atomic columns.

Figures 10a and 10b contain two schematics of possible
arrangements of coexisting LiCoO,-like and Li,MnO5-like do-
mains in a TM(0001) plane. Moreover, Figures 10c and 10d
show the corresponding atomic mass variation (arbitrary units,
assuming Zy; < Zc, & Zy,) of [0110] atomic columns (the
vertical direction in the schematics) along the [2110] axis (the
horizontal direction in schematics). The schematic in Figure 10a
shows an area of a TM(0001) plane containing one LiCoO,-like
cluster (bottom half), where every TM site is occupied by
Co atoms (blue dots), and one Li,MnOj-like cluster (top half),
where each Li atom (yellow dots) is surrounded by six Mn
atoms (magenta dots). The schematic in Figure 10b shows two
Li,MnOj;-like clusters separated by a LiCoO,-like cluster. The
two Li,MnOgs-like clusters in Figure 10b are misaligned, with
Li[0110] columns in the bottom cluster overlapping with Mn
columns in the upper cluster. In other words, the schematic
structure in Figure 10b corresponds to an Li,MnOj; antiphase
boundary'® in the TM plane, decorated by Co.

Both configurations result in a projected Z oscillation along
[2110] with a periodicity of 1.5 X a, (X 4.24 A, where ay, is
the nearest-neighbor distance of the TM plane) that is due to
the superposition of Mn-rich columns onto a continuous back-
ground due to Co. The projected Z profile shown in Figure 10c
(corresponding to Figure 10a) contains peaks that are twice as
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Figure 10. (a, b) Schematics of two possible configurations of a
Li; ,C004Mng 40, TM plane in a thin STEM sample. (¢, d) Corre-
sponding plots of the projected atomic mass of [0110] columns (the
vertical direction in the schematics).

wide as the valleys separating them, because of the occurrence of
two Li-free columns in the sequence. In contrast, the valleys in
Figure 10d (corresponding to Figure 10b) are twice as wide as
the peaks, because of the occurrence of two consecutive Li-
containing columns. The intensity in the valleys of Figure 10c is
entirely due to Co, because no Mn is present in these columns,
and is expected to result in a HAADF-STEM profile similar to a
TM plane in Li;MnOj, albeit with reduced bright-to-dark colu-
mns contrast, because of the Co present in the low-Z (Mn-free)
columns.'®*” However, the valleys in Figure 10d correspond to
columns containing both Co, as well as Mn and Li; while the
peaks correspond to Li-free columns, as in Figure 10c. In addi-
tion, the resulting HAADF-STEM contrast is expected to
resemble a continuous stripe, perhaps with a faint modulation
due to the presence of heavier Li-free columns.

Lacking long-range interactions between disconnect Li,MnO3;
regions or interconnection through neighboring TM planes in
the layered rock salt sequence, the probability of two Li,MnO;
regions being aligned is p5(2) = 1/3. Consequently, the prob-
ability that N' Li,MnOj regions are all aligned is p(N) = 3' ™.
Therefore, statistics on the number of separate Li,MnOj; regions
in the model TM planes, as a function of model size and com-
position, can be taken as proxy for the probability of observing
dotted (Li,MnO5-like) or continuous (LiCoO,-like) HAADF-
STEM contrast in comparable samples.

Figure 11a presents plots of the number of separate clusters
(LiMn, on the left axis and Co on the right axis) as a function of
composition, for model sizes s = 11, 18, and 25. The curves
interpolating the data points are meant only to guide the reader’s
eye. Representative TM microstructures are given in Figures 11b,
11¢, 11d, and 11e, which are sections of different models generated
with s = 45 and p = 0.15, 045, 0.75, and 0.90, respectively.

Not surprisingly, close to the end-member composition, the
models are homogeneous, consisting only of one cluster of
the major component. This is reflected in the fast drop in the
number of Co clusters (blue symbols, right axis) close to Li,MnO3
composition (x = 1) and its leveling to a value of one cluster for
compositions close to LiCoO, (x = 0). Conversely, the number of
LiMn, clusters (black symbols, left axis) shows a similar tendency at
opposite ends of the composition axis. Models with small sizes
(s <13) consist essentially of a single Co and a single LiMn,
cluster, with their relative sizes dictating the model composition (x).
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Figure 11. (a) Number of disconnect clusters (LiMn, on left axis, Co
on right axis), as a function of composition for three model sizes (s =11,
18, and 25). (b—e) Sections of large model TM planes (s = 45) with
target compositions (b) p = 0.1S, (c) p = 0.45, (d) p = 0.75,and (e) p =
0.90, illustrating the expected morphology evolution from small isolated
clusters of the minority constituent at both ends of the composition
range to large, noncompact, well-integrated domains of both constitu-
ents toward the middle of the composition range.

Moreover, a large model size (s > 15) is necessary to allow a small
cluster of the minority component without deviating significantly
from the end-member composition. (See Figure S4 in the Support-
ing Information.) In this case, typical configurations contain several
compact clusters of the minor component dispersed in a matrix of
the major component. For example, Figure 11b shows a TM plane
configuration containing a set of LiMn, clusters well-dispersed in a
Co matrix, while Figure 11e shows the complementary case close to
Li,MnO; composition.

Compositions close to x & 0.5 (like the sample studied above)
contain essentially one cluster of each component. This time, the
clusters are not compact but dendritic (see Figures 9a and 11c),
allowing for a single connected cluster to extend over long ranges
in the plane. Therefore, the complex, interpenetrating geometry
of these clusters explains all of the experimental observations des-
cribed above:

(1) Over length scales below 1 nm, most, if not all, neighbors
to any given atom belong to the same cluster type, as
observed by EXAFS; with small deviations from the end-
member M—M correlation values due to atoms sitting at
the dendrite boundaries.

(2) Approximately equal amounts of Co and Mn are present
over length scales between 1 nm and a few nanometers,
because of the presence of both LiMn, and Co clusters;
which is consistent with EELS observations where lateral
delocalization and sample thickness limit the resolution
to these levels.”®

(3) Because only one LiMn, cluster is expected over distances
of s = 25 (~12 nm), in-plane Li-ordering coherence is

maintained over long distances; which is consistent with the
HAADF-STEM observation of Li,MnQOj5-like dotted con-
trast on TM(0001) rows over distances significantly longer
length scale probed by EXAFS.

4. CONCLUSIONS

We employed a combination of SEM, XRD, EXAFS, and AEM
analyses to examine the structure of as-prepared Li; ,Cog M-
ny40, at atomic and nanometer scales. SEM and XRD revealed
that the sample possesses an overall R3m structure similar to
LiCoO,, and that primary particles ~0.2—0.5 um in size
agglomerate to form bigger (~7 ym) secondary particles. SAED
revealed the coexistence of monoclinic Li,MnQj3-like and rhom-
bohedral LiCoO,-like crystal structures, consistent with the
HAADF-STEM observation of Li-ordering at TM planes of the
host rhombohedral lattice. EXAFS revealed distinct segregation
of Mn and Co into almost undistorted LiCoO,-like and Li,M-
nOj-like atomic environments over length scales of at least 7 A.
In contrast, EELS analyses revealed coexistence of Co and Mn, in
roughly equal proportions, over length scales of <1 nm. This
apparent contradiction is resolved by a proposed model consist-
ing of well-integrated LiCoO, and Li,MnOj3 nanoclusters which,
for compositions close to 0.5 Li,MnQO3-0.5 LiCoO, = Lij,.
Cop4Mn 4O, presents a microstructure composed of well-
integrated dendritic clusters. The small width of the dendrites
(~1 nm) accounts for both the almost-perfect segregation into
LiCoO, and Li;MnOj; at EXAFS scales and the almost-homo-
geneous concentrations of Mn and Co at EELS scales. The
dendritic nature of the clusters, allowing them to retain con-
tinuity over long distances in the TM(0001) plane, accounts
for the large lateral extension of the LiMnOj-like contrast
regions observed in HAADF-STEM. Because no specific atomic
interactions were used in obtaining the atomistic models, we
expect the proposed microstructures to be valid for other Li-
(LixTMyMnl,x,y)Oz materials that display Li-ordering within
the TM(0001) planes of a host rhombohedral structure.
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