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Electrochemical and structural properties of XLi,M'O3+(1—x)LiMngsNigs0; electrodes (M’
=Ti, Mn, Zr; 0 < x < 0.3) for lithium batteries are reported. Powder X-ray diffraction, lattice
imaging by transmission electron microscopy, and nuclear magnetic resonance spectroscopy
provide evidence that, for M' = Ti and Mn, the Li,M'O3; component is structurally integrated
into the LiMngsNigs0O, component to yield “composite” structures with domains having short-
range order, rather than true solid solutions in which the cations are uniformly distributed
within discrete layers. Li,TiOsz and Li»,ZrO; components are electrochemically inactive,
whereas electrochemical activity can be induced into the Li,MnO3z; component above 4.3 V
vs Li% When cycled in lithium cells, xLi,MnOgz*(1—X)LiMngsNiosO; electrodes with x = 0.3
provide capacities in excess of 300 mA-h/g over the range 4.6—1.45 V.

Introduction

Layered lithium transition-metal-oxide electrodes Lix-
MO, (M = Co, Ni, and Mn) become unstable at low
lithium content when lithium cells are charged above
4.3 V. At this potential, the oxygen activity at the
electrode surface is increased to a level at which side
reactions can occur, such as electrolyte oxidation or
oxygen loss. For several years, following the discovery
that acid treatment of Li,MnOj3 produces a novel layered
Lio—xMnOs_y, structure, which on relithiation yields a
compound that can be formulated as xLi;M'Ogz+(1—Xx)-
LiMO2? (ignoring the H* ion exchange that occurs
during acid treatment),>3 we have pursued an approach
using an electrochemically inactive Li,M'O3; component
(e.g., Mn, Ti, or Zr) to stabilize these layered LiMO,
structures. In particular, we have used this approach
in attempts to prevent the conversion of layered LiMnO;
to spinel.*® Our efforts to stabilize layered LiMn;—xNixO>
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electrodes followed reports by Pacific Lithium Ltd. that
Li;2Mng4Crg 40, electrodes (alternatively, xLi,MnOgs-
(1—x)LiCrO, [M' = Mn; M = Cr; x = 0.5]) provided high
capacity and good cycling stability at 50 °C when cells
were charged and discharged between 4.4 and 2.5 V.57
Our more recent efforts were influenced by reports that
LiMngsNigs02 and related lithium manganese—nickel
oxides can provide capacities reaching 200 mA-h/g.8-11
In particular, our approach is similar to that of Dahn
et al.1% who have studied the Li[NixLi(l/gfzx/s)Mn(2/37x/3)]02
system (0 < x < 0.5), which can be written, alternatively,
in composite notation as (1—2x)Li,MnO3+(3x)LiMng 5-
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Nip 502 (also for 0 < x <0.5). During the course of our
studies, it was discovered that LiMngsNigsO, and
composite xLioM'O3+(1—x)LiMngsNigs02 (M = Mn, Ti)
electrode structures could accommodate an additional
lithium within their structures at approximately 1.5 V
vs Li® without disturbing the layered transition-metal
framework structure.’?12 This reaction, which is revers-
ible, greatly increases the capacity of the layered
electrode.

The structures of xLi;M'O3:(1—x)LiMO; compounds
(alternatively, in layered notation, Lig-+oxy@+xM' 2xi2+x)-
M2-2x)2+xO2) appear to be complex. For example, magic
angle spinning (MAS) nuclear magnetic resonance
(NMR) and X-ray absorption spectroscopy (XAS) data
of Li;2Mng4Cro40; electrodes (Li,MnO3-LiCrO,) have
provided evidence that the Li,MnO3; and LiCrO, com-
ponents do not form a random solid solution, but rather
that the structures tend to have short-range order with
local clustering of the lithium and transition-metal
ions.1415 Li,MnOs-like local environments or small
domains were observed by NMR, which were electro-
chemically inert.1> Similar Li,MnOg-like local environ-
ments were seen for Li[NixLi/z-2x3MnN23-x3)]02 for 0
< x = 0.5, but the Li ions in these environments
participated in the electrochemistry, suggesting that the
domains were smaller in size.1® However, Dahn et al.l?
recently opposed the idea of Lio,MnOg3-like domains from
analyses of XRD data and argued that the cations are
arranged homogeneously within the layers of Li[Cry-
Lig—xsMne-2¢3]O02 for 0 < x < 1 (alternatively, (2—2x)-
LizMI’]Oa'(?)X)LiCFOz) and Li[NixLi(1,3_2X/3)Mn(2/3_x/3)]02
for 0 < x < 0.5 (alternatively, (1—2x)Li,MnO3-(3x)LiMng s-
Nips50) structures, suggesting “a true solid solution
phase.”

In this paper, we address the ordering of these
materials. For simplicity, we restrict the definition of
structures in this paper, in most instances, to the
composite notation xLi;M'O3-(1—x)LiMO, rather than
the equivalent layered notations used by Dahn et al.1®
We define and discuss xLi;M'Oz+(1—x)LiMngsNigs02
electrode structures (M’ = Mn, Ti,or Zr; 0 < x < 0.3) as
determined by powder X-ray diffraction (XRD), high-
resolution transmission electron microscopy (HRTEM),
and MAS NMR. Electrochemical properties of the
electrodes at both high potential (4.6—2.0 V) and at low
potential (2.0—1.0 V) vs a metallic lithium reference
electrode are presented. The electrochemical properties
of electrodes containing a Li,MnO3; component are
interpreted with reference to reports of the electro-
chemical activity that can be induced into Li,MnO3; by
acid treatment™!® or by charging Li,MnO3 electrodes
directly in lithium cells.?®
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Figure 1. Schematic illustrations of the structures of (a)

LiMO (M = Mn, Ni, Co); (b) LiMnO3 and Li,TiOs; (c) Li.-
ZrOs; (d) LizMO; (M = Mn, Ni).

MO,
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Figure 2. Compositional phase diagram of the Li;MnO3z—
MO,—LiMO,—Li,MO, System.

To facilitate a discussion of the results, we first
consider the structures of xLi,M'O3+(1—x)LiMO, elec-
trodes. Because of the structural similarities between
Li,M'O3- and LiMO,-type compounds, it was proposed
several years ago that it might be possible to use an
electrochemically inactive Li,M'O3; component, such as
LioMnOg, Li;TiOs, or LioZrOs, to stabilize LiMO, inser-
tion electrodes (M = Co, Ni, Mn, and combinations
thereof), particularly at low lithium loadings, by forming
“composite” electrode structures, xLi,M'Ogz-(1—x)Li-
MQO,.242021 In LiCoO,, LiNiO2, and LiMnOy, the lithium
and transition-metal ions are located in octahedral sites
in alternating layers (Figure 1a), whereas in Li,MnO3
and Li,TiO3z (in layered notation, Li[Lip33Mng¢7]02 and
Li[Lio33Tioe7]O2, respectively), one-third of the transi-
tion-metal ions are replaced by lithium (Figure 1b).?2
In Li»ZrOg, the structure is not layered because each
cation layer contains Li™ and Zr** ions in a 2:1 ratio
(Figure 1c).®

The composition of xLi,M'O3-(1—x)LiMO, electrodes
for the complete range of x (0 < x < 1) is defined by the
Li,M'O3—LiMO:; tie-line in the schematic phase diagram
of the Li;M'O3—MO,—LiMO,—Li,MO; system in Figure
2. In ideal layered Li,M'O3 and LiMO; structures, such
as Li,MnO3 and LiCoO,, respectively, the cations in the
transition-metal layers are perfectly ordered in layers
between close-packed oxygen planes. Cation ordering
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occurs in the LioMn layers of Li,MnOs, which is driven
by the large differences in charge of the monovalent and
tetravalent Li and Mn ions, respectively. Therefore,
when synthesizing compounds that fall on a Li,M'O3—
LiMO;, tie-line, it seems highly unlikely that perfectly
ordered structures or superstructures with a homoge-
neous distribution of monovalent, divalent, trivalent,
and/or tetravalent cations in the transition-metal layers
will result, except at certain crystallographically allowed
values of x. Furthermore, because it is extremely dif-
ficult to control the precise stoichiometry of lithiated
metal oxide products at high synthesis temperatures,
it is also highly likely that there will be variations in
local composition in their structures, the extent of which
will be dependent on (1) localized concentrations of
lithium and transition-metal ions at the time of syn-
thesis, (2) the oxygen content of the sample, and (3) the
free energy of formation of various thermodynamically
favored phases that will compete with one another at
the synthesis temperature.

The LiMngsNigs02 structure that has been used as
the LiMO, component in the xLi,M'O3+(1—x)LiMngs-
Nio50, composite electrodes (M' = Mn, Ti, or Zr; 0 < x
< 0.3) of this investigation is of particular interest
because the manganese and nickel ions adopt tetrava-
lent and divalent oxidation states, respectively, rather
than a trivalent state.1° (Note that both Mn3* (d*) and
Ni3* (d7) ions are Jahn—Teller active and that relaxation
to undistorted states can therefore be achieved simul-
taneously by electron transfer from a Mn3* ion to a
neighboring Ni3" ion.) Because manganese and nickel
ions exist in the transition-metal layers of the LiMngs-
Nip 50> structure in a 1:1 ratio, there is no simple 3-fold
(point group) symmetry in the transition-metal layers
as there is in Li,MnOs. It is therefore impossible for
every nickel ion to be surrounded by six manganese ions
and vice versa. Therefore, if an ordered structure exists,
there has to be another arrangement of the nickel and
manganese ions.?* Ceder et al.?> have predicted by first-
principles calculations that a zigzag arrangement of
nickel and manganese has the lowest formation energy.
However, no experimental crystallographic data has, to
our knowledge, been provided that confirms the exist-
ence of the zigzag phase, presumably in part because
materials synthesized to date contain Li ions in addition
to Ni and Mn ions in the predominantly transition-metal
layers. Yoon et al.1626 have demonstrated by MAS NMR
that even in a LiMngsNips0, sample evidence could be
found of local clustering and cation ordering in the
transition-metal layers (i.e., Li,MnOs-type character),
which was consistent with the presence of Ni ions in
the lithium layers and vice versa, which is common in
layered lithium—nickel oxides.?” The spectra were ra-
tionalized by using a model based on Li,MnOs-like
ordering, the Ni2" substituting in sites that minimize
the number of Li™—Ni2" contents in the transition-metal
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layers.2® Some evidence for Ni2* clustering, presumably
in LiNipsMng 50, regions, was also observed for 0.3 < x
<0.5.28

Ohzuku has predicted by first-principles calculations
that a /3 x +/3 supercell should exist in a LiMng s3-
Nip33C003302 structure.?® Dahn et al.l” claim from
analyses of powder X-ray diffraction data that a similar
V3 x +/3 supercell exists for Li[NixLix/3-203Mn(23-x3]02
samples (0 < x < 0.5) (alternatively, (1—2x)Li,MnO3-
(3x)LiMngsNips502) but assert that because the lattice
parameters change continuously with x, the cations are
homogeneously distributed in the transition-metal lay-
ers over a wide range of x.

During our initial studies of LiMngsNipsO2 and
0.03Li,TiO3-0.97LiMng sNip 502 electrodes, it was dis-
covered that an additional lithium ion could be inserted
into the LiMngsNips0, component below 2 V vs Li° to
yield a Li;Mng 5Nip 50> structure without destroying the
layered arrangement of the electrode structure (Figure
1d).1213 In Li,MngsNig 502, which is isostructural with
LiopMnO,% and Li;NiO,,3! the manganese and nickel
ions maintain their octahedral configuration, whereas
the lithium ions fully occupy the tetrahedral sites in
adjacent layers. The Li,MO, composition is included in
the compositional phase diagram in Figure 2 because,
in principle, such structures can significantly increase
the capacity of composite xLioM'O3-(1—x)LiMO, elec-
trodes at potentials below 2 V vs Li°.

Experimental Section

Synthesis of xLi;M'O3+(1—Xx)LiMngsNigsO; Electrodes.
Electrode materials defined by the general composition
XLizM'O3+(1—x)LiMngsNigsO2 (M' = Ti, Mn, and Zr) were
prepared for x = 0.03, 0.07, 0.14, and 0.30. Electrodes in which
M' = Ti or Zr were prepared by reacting the appropriate
amounts of anatase (TiO,, Aldrich), titanium isopropoxide (Ti-
[OCH(CHj3),]4, Aldrich), or zirconium isopropoxide 2-propanol
complex (Zr[OCH(CHps).]4*(CH3),CHOH, Aldrich) with lithium
hydroxide monohydrate (LiOH-H,0O, Aldrich) and NigsMngs-
(OH),. Electrodes in which M" = Mn were prepared directly
from Ni;—xMn«(OH), and LiOH-H;0 using the required Li:Mn:
Ni ratio. The NigsMngs(OH), and Ni;—xMny,(OH), precursors
were prepared in-house by precipitation from a basic LiOH
solution of Ni(NO3), and Mn(NO3), (pH ~ 11). The reagents
were intimately mixed in an acetone slurry, dried in an oven
overnight, and subsequently fired at 480 °C for 12 h and then
at 900 °C for 10 h in air. Thereafter, the samples were rapidly
quenched (also in air). Powder X-ray diffraction patterns of
the products were collected on a Siemens D5000 powder
diffractometer with Cu Ka radiation between 10° and 80° 26
at a scan rate of 0.6° 26/min. Lattice parameters of the phases
were determined by Rietveld profile refinements of the X-ray
diffraction patterns.

High-Resolution Transmission Electron Microscopy.
High-resolution images of xLi,TiO3*(1—x)LiMngsNigs0, and
XLi2MnO3+(1—x)LiMnosNio 5O, structures were obtained for x
=0, 0.14, and 0.30. Samples were prepared for the electron
microscope by a standard procedure described elsewhere.®? The
images were collected on a JEOL-JEM 4000FEX-1 transmis-
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sion electron microscope under an accelerating voltage of 200
keV. The images were produced without an objective aperture
to produce phase contrast. Fourier transform analysis was
carried out using Scion Image (Scion Corp., Release Beta 4.0.2)
on a 64 x 64 pixel section of the digital image file.

Magic Angle Spinning Nuclear Magnetic Resonance.
5Li MAS NMR data of xLi,TiOz*(1—x)LiMnosNigsO2 samples
(x =0, 0.14, and 0.30) were collected at 29.5 MHz on a CMX-
200 spectrometer, with a spinning speed of 38 kHz and rotor
synchronized spin—echoes (/2 — v — 7 — v — acq.; T = one
rotor period; /2 = 2 us). The spectra were referenced to 1 M
LiCl at O ppm.

Electrochemical Measurements. Electrodes were fabri-
cated by intimately mixing 85 wt % of the appropriate
XLi,M'O3+(1—x)LiMngsNigs02 powder, 8 wt % poly(vinylidene
difluoride) (PVDF) binder (Kynar, EIf-Atochem), and 7 wt %
acetylene black (Cabot) in a 1-methyl-2-pyrrolidinone (NMP)
solvent (Aldrich, 99+%). The mixed slurry was cast onto an
aluminum foil current collector and dried at 75 °C for 3—5 h.
The electrode laminates were dried further at 70 °C under
vacuum overnight. Disk electrodes with an area of 1.6 cm?
were punched from the laminates. The electrodes were evalu-
ated in coin-type cells (size 2032, Hohsen Corp.) with lithium
foil (FMC Corp.) as the counter electrode, a polypropylene
separator (Celgard), and an electrolyte solution consisting of
1 M LiPFs in a 1:1 ethylene carbonate:diethyl carbonate
solvent mixture (Merck). Cells were constructed inside a
helium-filled glovebox (<5 ppm, H>O and O,). Cells were cycled
galvanostatically using a Maccor Series 2000 control unit at
a current rate of 0.1 mA/cm?.

Results

XRD Patterns. The powder XRD patterns of XxLi-
M'O3+(1—x)LiMnosNigs0, electrodes for M' = Mn, Ti,
or Zr and 0 < x < 0.3 are provided in Figure 3. Because
of the paucity of data, lattice parameters were refined
using the high-symmetry trigonal space group, R3m,
rather than the low-symmetry monoclinic space group,
C2/m, to monitor the variations in unit cell dimensions
as a function of composition, x (Table 1). The XRD
patterns of the xLi,MnO3-(1—x)LiMngsNigs0, (x = 0.00,
0.03, 0.14, and 0.30) composite structures in Figure 3a
are similar. Figure 3a shows a slight increase in
intensity of the peaks at 20—23° 26 as the Li,MnO3
component in the structure increases, which is consis-
tent with an increasing amount of lithium in the
transition-metal layers. Our XRD patterns and the
changes in lattice parameter are consistent with those
reported by Dahn et al.1” for Li[NixLi/3-2x3MnN3-x3]02
electrodes; the smooth variation in lattice parameter
with composition was interpreted by this group as
suggesting that these materials are structurally and
chemically homogeneous. Overall, the average unit cell
parameters and unit cell volumes decrease marginally
with increasing Mn content, which is consistent with
the difference in the ionic radii between Mn** (0.54 A)
and Ni2* (0.69 A) ions in octahedral coordination.33 By
contrast, the average lattice parameters and unit cell
volumes of xLi,TiOz*(1—x)LiMnosNig 502 products syn-
thesized from a Ti[OCH(CHp3;),]4 precursor increase in
value with increasing x; in this case, the trend is
consistent with the larger ionic radius of Ti4* (0.61 A)
compared to Mn** (0.54 A). The patterns in Figure 3a,b
emphasize the structural compatibility that exists among
LioMnOs, Li,TiO3, and LiMngsNigs0, phases and the

(33) Shannon, R. D.; Prewitt, C. T. Acta Crystallogr. 1969, B25,
925.
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Table 1. Lattice Parameters of
XLi2M'O3-(1—x)LiMngsNips02 Structures (M' = Mn, Ti, Zr)

X a(A) c(A) vol (A3)

XLizMI’]Og'(l—X)Li M no‘sN io,st

0.03 2.870(1) 14.259(3) 101.69(2)

0.14 2.864(1) 14.246(2) 101.21(2)

0.30 2.859(1) 14.246(2) 100.85(2)
XLizTiOs'(l—X)Li MngsN i0,502

0.03 2.876(1) 14.274(2) 102.22(1)

0.14 2.881(1) 14.304(2) 102.78(2)

0.30 2.887(1) 14.342(2) 103.52(2)
XLizZI’Og'(l—X)Li Mno_5N i0_502

0.03 2.873(1) 14.259(2) 101.94(2)

ability of the Li,M'O3-type component to become inte-
grated into a LiMO,-type structure. However, when
TiO, (anatase) was used as a precursor, the XRD
patterns of the xLi,TiO3-(1—x)LiMnosNigs02 products
showed two-phase character, which is clearly noticeable,
for x = 0.3, at approximately 44° 260 in Figure 3c,
suggesting that the Li, TiO3 component is not integrated
to the same extent into the LiMngsNigsO2 structure as
it is in the products in Figure 3b. This observation
clearly emphasizes that the structural integration of
LioM'O3 and LiMngsNios0, components depends strongly
on the type of reagents used and on the reaction
conditions during synthesis.

The X-ray diffraction patterns of XxLiyZrOsz-(1—x)-
LiMno sNip 502 products showed that the LiMngsNig 502
structure is less tolerant to accommodating Li,ZrOs.
Although the 0.03Li,Zr03-0.97LiMnosNio 502 electrode
had an X-ray diffraction pattern similar to those of its
M' = Mn and Ti analogues (Figure 3d), xLi,ZrOz+(1—
X)LiMng sNips02 products with higher Li,ZrOs content
(x > 0.03) were multiphase, as were those of xLi,MnO3-
(1—X)LiMn0_5Nio,502 and XLiQTiOQ,‘(l_X)LiMno,5Nio_502
products for x > 0.3 (not shown). We are unsure of the
structural features of 0.03Li»Zr0O3:0.97LiMngsNig50,
and we do not know yet if, at this low concentration,
the Li»ZrO3; component is embedded within the bulk of
the LiMngsNips0; structure or whether it exists as an
independent phase. We attribute the difficulty in inte-
grating Li,ZrOg3 into a layered LiMngsNipsO> structure
to (1) the absence of lithium layering in Li»ZrOs (Figure
1c) and (2) the relatively large second-row transition-
metal ion, Zr#* (ionic radius = 0.72 A).33

Although refinements of the XRD patterns showed
that the lattice parameters of both xLi,MnO3-(1—Xx)-
LiMno,5Nio.502 and XLizTiO3'(l—X)LiMno_5Ni0_502 SYys-
tems changed gradually with x, which is consistent with
increasing amounts of Li;,MnO3; and Li,TiO3, respec-
tively, X-ray diffraction is not a sufficiently sensitive
technique for determining the local variations in com-
position and structure in these materials. We therefore
relied on more sensitive techniques, such as HRTEM
and NMR, to obtain a more detailed understanding of
the local structure of these materials at a nanoscopic
level.

HRTEM Analyses. The HRTEM images of struc-
tures in the xLi,MnO3+(1—x)LiMngsNigs02 and XxLio-
TiO3+(1—x)LiMngsNigs0, systems were examined at
three compositions, x = 0.0, 0.14, and 0.30. To accom-
modate the diffraction peaks that occur between 20° and
23° 260 in the XRD patterns of these compounds, the
indexing of the lattice fringes was based on the mono-
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Figure 3. Powder X-ray diffraction patterns of xLioM'O3+(1—x)LiMngsNiosO; structures: (a) xLiMnO3+(1—x)LiMngsNigsO02 (X =
0.0, 0.03, 0.14, 0.30); (b) XLi,TiOz*(1—x)LiMngsNio50, (x = 0.03, 0.14, 0.30) (Ti[OCH(CHs),]4 precursor); (c) XLi,TiO3+(1—x)LiMng s-
Nigs02 (x = 0.03, 0.14, 0.30) (TiO, precursor); (d) XLi2ZrOz+(1—x)LiMngsNigsO2 (x = 0.03).

clinic unit cell (C2/m) defined by Strobel et al.?? for Li,-
MnOs.

The examination of the X-ray diffraction patterns of
these materials shows the same type of “superlattice”
peaks between 20° and 23° 26 as described by Dahn et
al.Y” for the Li[NixLi1/3-2x3MnN23-x3)]O2 system (0 < x
< 0.5). These peaks are of particular importance to the
local (nearest cation neighbor) environment of the Li
ions because the peak intensities are a rationalization
of the ordering of the lithium, manganese, and other
transition-metal ions present in the transition-metal
layers. However, an ideal superlattice can occur only if

the atomic distribution is uniform on a length scale
approaching that of the superlattice length and if the
ions occur in exactly the correct proportion. When such
an ideal superlattice occurs, it is expected that the
broadening of the superlattice peaks will correspond to
the same crystallite size as that determined from
“nonsuperlattice” peaks. If, however, the composition is
nonideal in the sense that it deviates from that required
by an ideal superlattice, or if the composition is not
spatially uniform, then the superlattice peaks will be
weakened and broadened.3* This is of specific concern
to this work because of the observations of relatively
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broad superlattice lines in the nonideal compound
compositions, for example, xLiM'O3+(1—x)LiMO, com-
positions x = 0.14 and x = 0.30. In such cases, where
relatively broad superlattice peaks are observed, two
different structural models can be used to rationalize
the observation. We may consider either (1) that the
broadening is due to isolated regions of composition close
to what is ideal for superlattice formation surrounded
by disordered regions of nonideal composition3® or (2)
that the composition is uniform, but that the ordered
structure is interrupted by anti-phase domain bound-
aries.® In either case, there will be variations in the
local environment of Li compared to the ideal superlat-
tice. We therefore resorted to HRTEM to provide further
evidence for the existence of such nonuniformities in the
superlattice, as suggested by the broadening of the
superlattice peaks in Figure 3a,b. Using this technique,
it is possible to directly image the superlattice structure
corresponding to the peaks at 20—23° 26.

Figure 4a shows the lattice fringes of a LiMngsNip 502
structure associated with the close-packed 001 planes
of the monoclinic unit cell (d ~ 4.7 A), which are
equivalent to the 003 planes of the trigonal (R3m) unit
cell of LiCoO,. The image shows well-behaved packing
of these planes, as might be expected in a stoichiometric
LiMngsNigs0, structure. However, if the crystals are
at orientations that allow the possibility of coherent

(34) Guinier, A. X-ray Diffraction; W. H. Freeman and Company:
San Francisco, CA, 1963; p 254.

(35) Rhines, F. M.; Newkirk, J. B. Trans. ASM 1953, 45, 1029.

(36) Jones, F. W.; Sykes, G. Proc. R. Soc. London A 1938, 166, 376.

diffraction from the superlattice structure, then fringes
of weak contrast and discontinuous morphology corre-
sponding to the “superlattice” peaks at 20—23 °20 (i.e.,
the (020) and (110) peaks, d ~ 4.3 A) are observed
within a single grain of LiMngsNiosO2 (Figure 4b). The
nanoscale, spatial variation in the lattice fringe contrast
suggests that, even in the parent LiMnosNigs0; struc-
ture, the distribution of the cations in the transition-
metal layers is not random or homogeneous. We also
note that the existence of the discontinuous superlattice
structure for LiMngsNigs02 observed here by HRTEM
is indeed consistent with the MAS NMR results, 626 put
would be difficult to predict using isolated X-ray dif-
fraction spectra.

In an attempt to have a more quantitative measure
of the structure and chemistry variations suggested in
Figure 4b, two adjacent areas are circled in Figure 4b
for specific consideration. Qualitatively, it is observed
that the lattice fringes corresponding to the superlattice
structure show greater definition in region (i) compared
to region (ii). This observation is relevant because the
amplitude of contrast of the lattice fringes is propor-
tional to the superlattice structure factor.3” Assuming
that the crystallographic orientation and crystal thick-
ness are approximately the same for these adjacent
regions, the variation in lattice fringe contrast implies
a spatial variation in the structure factor for the
superlattice. A more quantitative demonstration of the

(37) Williams, D. B.; Carter, C. B. Transmission Electron Micros-
copy; Plenum Press: New York, 1996; p 441.
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contrast in the lattice fringes in regions (i) and (ii) is
provided by two-dimensional Fourier transforms applied
locally to the circled regions in Figure 4b. The gray scale
of the pixels in the Fourier transform plot measures the
amplitude of the corresponding frequencies with the
origin normalized to maximum density. If the gray scale
is plotted along a line drawn from the origin (center) of
the two-dimensional Fourier transform, perpendicular
to the lattice fringes, a quantitative measure of the
amplitude of the fringe contrast is obtained as a function
of spatial frequency, as shown on the right of Figure
4bh. The spatial frequency corresponding to the super-
lattice periodicity is indicated on the line profiles. A
guantitative measure of the ratio of the structure factor
of region (i) to region (ii) is 1.15 + 0.01, suggesting a
change in composition and/or short-range order between
the two regions. The presence of nanoscale domains
defined by local variations in a superlattice order
parameter are consistent with the very weak, broad, and
ill-defined superlattice peaks that occur between 20° and
23° 260 in the X-ray diffraction patterns of xLi,M'O3*(1—
X)LiMngsNigs02 samples.

Figure 4c shows the structural image of a 0.30Li5-
MnQO3-0.70LiMng sNip 502 sample formed from overlap-
ping lattice fringes from the diffraction peaks at 20—
23° 260, which were significantly stronger than the peaks
of the parent LiMngsNigs0, sample (Figure 3a). Thus,
it is not surprising that the continuity and contrast
amplitude of the lattice-fringe image is qualitatively
superior to that observed in LiMngsNips0,. However,
it is still apparent that a nanoscale spatial variation in
amplitude contrast is also present in Figure 4c. In a
manner analogous to the examination performed in
Figure 4b, the local Fourier transform of the indicated
regions in Figure 4c was used to quantify the spatial
variation in amplitude. In this case, the ratio of the
structure factor of region (i) to region (ii) was deter-
mined to be 1.09 + 0.01. The HRTEM data presented
in Figures 4b,c provide evidence that these materials
are not structurally homogeneous at the nanometer
scale. Instead, the interpretation of the images of the
superlattice suggests a spatially varying structure factor
that is more consistent with a nanometer-scale domain
structure. We argue that such observations are entirely
consistent with the occurrence of the weak and broad
superlattice reflections in the X-ray diffraction patterns.

The atomic heterogeneity in the transition-metal
layers is exacerbated in the images of xLi;TiO3+(1—X)-
LiMngsNigs0; structures in Figure 4d (x = 0.14) and
Figure 4e (x = 0.30), which show strong perturbations
in the lattice fringes. These images are more consistent
with a structural model with short-range order and
domain-type features rather than the “true solid solu-
tion” proposed by Dahn et al.l” Interestingly, the
0.30Li;Mn0O3-0.7LiMng5Nips0, structure (Figure 4c)
appears to be better behaved than its Ti counterpart
(Figure 4e).

MAS NMR Data. 6Li MAS NMR data of xLi,TiO3+(1-
X)LiMngsNip 502 samples were collected for x = 0.03,
0.07, 0.14, and 0.30 (Figure 5a—e). The x = 0.03
spectrum (Figure 5a) is similar to that of x = 0.16 Three
groups of resonances are clearly observed: one at 1600—
1300 ppm, the second and more intense group at
approximately 800—500 ppm, and the third at O ppm.

Kim et al.
400
30% Li,TiO,
(isopropoxide)
(e) 150
2754\

30% Li,TiO,
@ [ _fnaeo
14% Li,TiO,
(anatase)

LiinLi
layers

(b)

22 7% Li,TiO,
(anatase)

3% Li,TiO,
(anatase)

r T T T T T T T 7 1
3000 2000 1000 0 -1000 -2000
ppm

Figure 5. Li MAS NMR spectra of xLi,TiOz+(1—X)LiMngs-
Nio 50, for x = 0.03, 0.07, 0.14, and 0.3 prepared with anatase
as the titanium source (a—d). The x = 0.3 sample synthesized
with titanium isopropoxide as the titanium source is shown
for comparison (). Spectra were acquired with spinning speeds
of 38 kHz.

The first group is assigned to Li local environments in
the transition-metal layers: the resonance at ~1590
ppm is due to the environment Li(OMn)s (where only
the cations in the first cation coordination shell in the
transition-metal layers are considered), which is present
in Li,MnOg3, and the broader resonance at ~1390 ppm
to Li(OMnsNi). These two resonances are a clear sig-
nature for local Li":Mn**, “Li,MnOgs-like” cation order-
ing. The intermediate frequency, broader resonances are
assigned to Li in the Li layers. The resonance at ~0 ppm
is attributed to Li in a diamagnetic local environment,
as found, for example, in Li,TiO3. The shoulder to lower
frequency of the O ppm resonance (centered at —22 ppm)
is attributed to environments with Ni2* ions in the first
coordination sphere, based on an earlier NMR study of
LiNigsTigs0,.38 For example, the local environments in
the transition-metal layers Li(OM**)s(ONi2") will give
rise to a resonance at ~1390 ppm when M = Mn and at
—21 to —30 ppm when M = Ti. As the Ti content
increases, for the samples prepared with anatase, the
resonance centered at ~620 ppm grows in intensity and
new, broad resonances at lower frequencies emerge at
~150 and ~275 ppm. The latter two resonances are
more clearly seen for the x = 0.3 sample. Again based
on earlier work, these are assigned to Li environments
in the Li layers that contain one (150 ppm) and two (275
ppm) Ni2* ions in the second cation coordination envi-
ronment and no Mn** ions.8 These environments will

(38) Carlier, D.; Kang, K.; Ceder, G.; Yoon, W. S.; Grey, C. P. In
ECS Proceedings, Paris, 2003.



XLizM'Og,'(l_X)LiMn0.5Ni0'502 for Li Batteries

5.0 T T T T T T T T T T T
1st charge

45

R

aof X

35}

30

E, V (vs. LilLi")

20

15

10—

25 i B e ]

0 50 100 150 200 250 300
Capacity, mAh/g

Chem. Mater., Vol. 16, No. 10, 2004 2003

350 T T T T T T T T T T T T
325 (b).
300F Log .
0o E
O ooo
o, 275t AAAAAAAADDDDDDDDDM" ]
< 250[” BAACAANIA DDDDED '
< i Z 0, ]
L r JAYVASSIAN
E o5 23 -
£ 200 Ti '
‘G 200 O i
€ | ©0000060006600 ]
@ 175F -
$) I
150 | Room Temperature -
1250 0.1mA/cm? ]
100 " 1 L 1 L 1 1 1 1 1 1 1
0 5 10 15 20 25 30
Number of Cycles

Figure 6. Voltage profiles (a) and capacity vs cycle number plots (b) of Li/0.03Li,M'O3:0.97LiMngsNiosO; cells (M' = Mn, Ti, Zr)

between 4.60 and 1.45 V at room temperature.

exist if Li,TiOz particles or domains exist in the sample
that are substituted by Ni%*. The resonance at 275 ppm
may also contain a contribution from the local environ-
ment that results from Mn** substitution of the Li,TiO3
domains and which contains only one Mn“* ion in the
first cation coordination sphere (and only Li/Ti in the
second coordination shell). The resonance at ~620 ppm
is assigned to the Li,MnOgs-like environment where one
Mn4* ion in the first coordination shell has been
substituted by Ti** or Ni2*. The growth of this resonance
with Ti content is, therefore, ascribed to Ti** substitu-
tion. The high-frequency resonances at 1590—1390 ppm
decrease as a function of Ti content, indicating that an
increasing number of Li environments in the transition-
metal layers Li(Mng-x—yNixTiy) must contain Ti*t. This
is consistent with the incorporation of some Li,TiO3 into
the LiNigsMngs0, structure.

The spectra of the x = 0.3 samples in Figure 5d,e can
be clearly interpreted in terms of structures containing
segregated “LiMngsNips02-doped Li,TiO3” domains/
crystallites or “Li,TiOz-doped LiMngsNips0,” domains/
crystallites. The degree of mixing between the Li,TiO3
and LiMngsNipsO2 components increases dramatically
for the x = 0.3 sample prepared with Ti isopropoxide
(Figure 5e) in comparison to the sample made from TiO;
(anatase, Figure 5d). The resonances due to LiMngs-
Nio50,- and Li,TiOs-rich regions decrease and instead
a broad resonance centered at about 400 ppm is ob-
served. Furthermore, the high-frequency resonances
have disappeared, indicating that any Li™:M*" ordering
must now involve both Ti** and Mn*". However, a sharp
resonance with a downfield shoulder is still observed
at 0 ppm, indicating that some discrete Li,TiOs-like
domains/crystallites still remain.

Electrochemistry. The change in composition of
xLisM'O3+(1—x)LiMO; electrodes that occurs during an
electrochemical reaction with lithium is shown in the
schematic phase diagram in Figure 2. The composition
of layered LiMO; electrodes (M = Co, Ni, Mn) changes,
on lithium extraction, along the LiMO,—MO; tie-line.
For LiCoO; and LiNiOg, lithium extraction is limited
by high oxygen activity at the electrode surface that
destabilizes their structures when approximately one-

half of the lithium ions have been removed. On the other
hand, delithiation of LiMnO, is accompanied by a
migration of manganese into the lithium-depleted layers
to form a spinel-type structure, which compromises the
high-potential behavior of the electrode.® By integrating
electrochemically inactive Li,M'O3 components, such as
Li,TiO3z and Li,ZrOgs, with strong Ti—O and Zr—0O bonds
into the LiMO; electrode, it was hoped that composite
XLi,M'O3+(1—x)LiMO; structures would provide greater
stability to lithium insertion/extraction reactions and,
in particular, that xLiM'O3:(1—x)LiMnO, electrodes
would help suppress the transformation of the layered
LiMnO; component to spinel. For xLi,M'O3+(1—x)LiMO,
electrodes, the composition changes on lithium extrac-
tion along the dashed xLi;M'O3+(1—x)LiMO,;—xLi,M'O3-
(1—x)MO;, tie-line in Figure 2. If the Li,M'O3 component
is electrochemically inactive, it stands to reason that
the concentration of LioM'O3; used should be as small
as possible to maximize the capacity of the electrode.
Lithium insertion into the LiMO, component drives
the composition of the electrode toward xLi,M'O3z-(1—
X)Li2MO,, with the Li,MO, component controlling the
low-voltage behavior of the xLi;M'O3z+(1—x)LiMO, elec-
trode.

The electrochemical profiles and plots of cycling
stability of Li/xLioM'O3+(1—x)LiMngsNigs02 cells (M =
Mn, Ti, Zr) for x = 0.03 and x = 0.30, when cycled
between 4.6 and 1.45 V vs Li° are shown in Figures
6—8. Figure 6a shows the first two charge profiles and
the initial discharge profile of the cells at room temper-
ature; the cycling stability of the composite electrodes
for the first 30 cycles is shown in Figure 6b. The data
are similar for the electrodes in which M' = Mn and Zr.
The similarity in electrochemical behavior is consistent
with the hypothesis that, unlike Li,MnO3 and Li,TiOs3,
Li,ZrO3; does not form a composite structure with
LiMngsNigs02 and, therefore, that the LiZrO3; compo-
nent does not interfere with the electrochemical opera-
tion of the active LiMnosNiosO02 species, particularly in

(39) Shao-Horn, Y.; Hackney, S. A.; Armstrong, A. R.; Bruce, P. G.;
Gitzendanner, R.; Johnson, C. S.; Thackeray, M. M. J. Electrochem.
Soc. 1999, 146, 2404.
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Figure 7. Voltage profiles (a) and capacity vs cycle number plots (b) of Li/0.03Li,M'O3:0.97LiMngsNios0; cells (M' = Mn, Ti, Zr)
between 4.6 and 2.5 V at 50 °C. (Cells were cycled at room temperature to the 55th cycle.)

the formation of the LiMngsNigs0, structure at poten-
tials below 2.0 V. By contrast, the 0.03Li,TiO3-0.97L.i-
Mno sNip 50, electrode shows greater polarization, reach-
ing the voltage limits during charge (4.6 V) and discharge
(1.45 V) more rapidly than the 0.03Li,Mn0O3-0.97LiMng5-
Nigs502 and 0.03Li»2ZrO3:0.97LiMng sNipsO2 electrodes
(Figure 6a). Consequently, the 0.03Li,;TiO3-0.97LiMng 5-
Nips0, electrode delivers a lower capacity over this
range (~180 mA-h/g) compared to the equivalent Li,-
MnOs- and Li>ZrOsz-component systems (300—225 mA-
h/g; Figure 6b). Nevertheless, despite its inferior capac-
ity, the 0.03Li,TiO3:0.97LiMngsNip 50> electrode cycles
with greater stability and efficiency than the Li,MnO3-
and LiZrOs-based electrodes. Higher capacity can be
achieved from 0.03Li,TiO3-0.97LiMngsNig 50, electrodes
by lowering the voltage limit to 1.25 V (or by decreasing
the current) to access the Li,MO; structure, as reported
in an earlier paper.1?

When 0.03Li,M'03-0.97LiMng sNip 502 electrodes (M
= Mn, Ti, Zr) cells are cycled at 50 °C over the high-
potential region (4.6—2.5 V) alone, the Li,ZrOs-based
electrode provides excellent cycling stability, whereas
the Li,MnOs- and Li,TiO3z-based electrodes lose capacity
at an almost identical rate (Figure 7a,b). The superior
performance obtained from 0.03Li»ZrO3:0.97LiMngs-
Nigs0- electrodes is similar to that obtained from ZrO,-
coated LiMngsNio 50, electrodes and is further evidence
that the Li,ZrOz component is not integrated into the
LiMngsNigs0, electrode in the same way as the Lio-
MnO; and Li,TiO3 components are, but rather that it
may act independently, like ZrO,, to scavenge H,O and
HF components in the cell to improve electrochemical
performance.®

The voltage profiles and cycling behavior of Li/
0.30Li2M'03+0.70LiMngsNig 50> cells for M' = Mn and
Ti between 4.6 and 1.45 V are shown in parts a and b,
respectively, of Figure 8. (X-ray diffraction showed that
it was not possible to synthesize a corresponding 0.30L.i,-
Zr03'0.70LiMno_5Nio_502 product.) The 0.30Li2Ti03'

(40) Thackeray, M. M.; Johnson, C. S.; Kim, J.-S.; Lauzze, K. C;
Vaughey, J. T.; Dietz, N.; Abraham, D.; Hackney, S. A.; Zeltner, W.;
Anderson, M. A. Electrochem. Commun. 2003, 5, 752.

0.70LiMngsNig50; electrode performs in much the same
way as 0.03Li,TiO3:0.97LiMngsNigs0», but yields sig-
nificantly lower capacities over both high-voltage and
low-voltage regions, indicating the electrochemical in-
activity of the Li;TiO3 component. By contrast, the
0.30Li,Mn0O3-0.70LiMng sNig 50> electrode yields a sig-
nificantly higher capacity. In this case, electrochemical
activity is apparently induced into the Li,MnO3; com-
ponent when cells are charged to 4.6 V. Of particular
significance is the difference in the shape of the voltage
profiles during the first and second charge of the Li/
0.30Li2Mn0O3:0.70LiMng sNig 50> cells and the increase
in charging capacity that is obtained on the second cycle.
These observations are consistent with the data re-
ported by Dahn et al.” in their studies of the analogous
Li[NixLi(1/3_2x/3)Mn(2/3_x/3)]02 system (0 < x < 0.5).

It has been previously demonstrated that electro-
chemical activity can be induced into Li,MnOg either
chemically, by acid treatment,2 or electrochemically.®
Acid treatment using concentrated H,SO, (a dehydrat-
ing agent) is accompanied first by an ion-exchange
reaction to yield Li,—xHxMnO3 (alternatively, H[Lig 33-
Mno67]O2, which at x = 1.5 is isostructural with HCrO5)
and, thereafter, by the removal of the H,O and Li,O
components from Li,—xHyMnO3 (which at x = 1.5 can
be defined, in component form, as 0.25Li,0-0.75H,0-
MnOy) to yield a layered MnO, type structure. The Mn
and some residual Li* ions occupy octahedral sites in
the Mn** layers, whereas residual protons are H-bonded
to oxygen atoms in alternate layers.!® Note that, in the
ideal case, when the Li,O component is completely
removed from Li,MnOj3; (alternatively, Li,O-MnQO,), two
Li™ ions are removed for every O2~ ion to yield MnO..
Therefore, the gradual removal of Li,O from Li,MnQO3;
(as Li—xMnO3_y, for 0 < x < 1) creates interstitial sites
for lithium, which induces electrochemical activity and
capacity into the Li,—yMnO3_y; structure. These argu-
ments have been used previously to explain the elec-
trochemical activity of acid-leached Li,MnOs samples.1-18
Li,MnO3 can also be activated directly by electrochemi-
cal methods in lithium cells;!? in this case, it has been
proposed that the electrochemical activity is achieved
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by a proton-exchange mechanism, similar to that de-
scribed above, with the protons being derived from the
electrolyte medium in the cells. With this information,
it is perhaps not surprising that high electrochemical
capacities can be derived from composite XLi,MnO3-(1—
X)LiMngsNio 502 electrodes, even those with a high Li,-
MnO; content (e.g., x = 0.3), as shown in Figure 8.
We interpret the very high rechargeable capacity
(>300 mA-h/g) that can be obtained from 0.30Li5-
MnO3-0.70LiMnosNigs0, composite electrodes when
charged and discharged between 4.6 and 1.45 V, as
follows. (Note that if the Li,MnO3 component is consid-
ered electrochemically inactive and if the compositional
range of the LixMngsNigs0O, componentis0 < x < 2, a
0.3Li2Mn0O3:0.7LiMng 5Nip 502 electrode would provide
a theoretical capacity of 368 mA-h/g.) In the absence of
detailed structural information on the composite elec-
trodes, in particular the cation distribution in the
transition-metal layers, we use the Li,MnO3 composi-
tion and structure to simplify the discussion. The

theoretical capacity of a 0.30Li,MnO3-0.70LiMngs-
Nip 50> electrode corresponding to complete extraction
of lithium from the LiMngsNipsO, component is 184
mA-h/g. However, the capacity derived from this elec-
trode when initially charged to 4.6 V is 260 mA-h/g, that
is, significantly more than the theoretical capacity of
the electrode. Our data are in agreement with Dahn
et al.’s'” results from the analogous Li[NixLi/z-2x3)-
Mn(213-x/3)]O2 System. However, we believe that, in these
XLi2MnO3+(1—x)LiMngsNips02 composite electrodes, the
electrochemical activity is induced during the initial
charge of the cell predominantly by removal of lithium
(as Li0) from the Li,MnO3 component at ~4.5 V vs Li°
(as also implied by Dahn et al.'?) rather than by a H™
ion-exchange mechanism and the electrolysis of a H,O
component, which has been suggested for the compound
Liz_xHanO'g, (X ~ 1.5, alternatively H[Lio_33Mn0,57]02),18
because the acid concentration in commonly used lithium
battery electrolytes is low. We also support the hypoth-
esis that electrochemical removal of Li,O from the
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structure occurs via an intermediate process at the
electrode surface whereby lithium extraction from the
Li,MnO3; component is accompanied by removal of
electrons from the oxygen 2p band, leaving an unstable
oxidized surface behind, which is consequently stabi-
lized by the loss of oxygen. This electrochemical process
at the surface of the Li,MnO3z; component can be
represented by the following reaction sequence,

Li,MnO, — 2Li* + Mn*"0,* + 2e~
electrochemical process (1)

during which electrons are removed from the oxygen 2p
band to form an unstable Mn**O3*~ intermediate con-
figuration, followed by an immediate chemical redox
reaction to stabilize the electrode surface by loss of
oxygen either as a gas or by reaction with the electro-
lyte:

2Mn*"0,*” — 2MnO, + O, chemical process (2)

The formation of a MnO, species, which remains
structurally integrated at the surface of layered
XLi2MnO3-(1—x)LiMngsNigsO, composite electrodes dur-
ing the initial charge, is consistent with the high
capacities that have been obtained from the electrodes
on subsequent charge/discharge cycles at both high
(4.6—2.5 V) and low potentials (2.5—1.45 V) (Figure 8).

It has been established that when LiMngsNips02
electrodes are cycled between 4.2 and 3.0 V, the pre-
dominant reaction occurs by electron transfer between
Ni?* and Ni** ions and that the Mn** ions are electro-
chemically inactive. However, increasing the MnO;
content in xLioMnO3-(1—x)LiMngsNigs0, electrodes
during an initial charge to 4.6 V introduces Mn**/Mn3+*
character to the electrode, as shown by the reversible
process that occurs at approximately 3.25 V (during
discharge) in the dQ/dE plot of a 0.30Li;MnO3-
0.70LiMno sNip50; electrode after 15 cycles (Figure 9a).
By contrast, the 0.30Li,TiO3-0.70LiMngsNig 502 shows
no such response (Figure 9b), thereby confirming the
electrochemical inactivity of the Li,TiO3 component in
the high-potential range.

Kim et al.

Finally, the high capacity and excellent rechargeabil-
ity of xLizMnOg3-(1—x)LiMngsNips02 composite elec-
trodes at low potentials between 2.0 and 1.45 V, even
those with high Li,MnO3; content (e.g., x = 0.3), reflects
an ability of these composite structures to form layered
LioMn;_xNixO»-type structures in which x may vary over
a wide range. Perhaps this is not surprising given the
fact that both Li,MnO2%° and Li,NiO23! have already
been shown to exist as independent compounds.

Conclusions

Layered Li,M'O3 compounds, such as Li,MnO3; and
Li,TiO3, can be structurally integrated into LiMngs-
Nips0; to yield composite electrode materials xLiM'O3-
(1—x)LiMngsNigs0, for 0 < x < 0.3. HRTEM images,
supported by MAS NMR data, provide evidence that the
cations in the transition-metal layers are not homoge-
neously distributed as a solid solution, but are rather
distributed in an irregular manner in domains with
short-range order. Electrochemical data obtained in
lithium cells between 4.6 and 1.45 V shows that the Li,-
TiO3 component remains electrochemically inactive
during charge and discharge. It appears that Li,ZrOs
does not integrate structurally with LiMngsNigs0, and
may act independently to scavenge H,O and HF from
the electrolyte. By contrast, electrochemical activity can
be induced into the Li,MnO3; component of a xLi,MnO3-
(1—x)LiMng sNig 502 structure, which is consistent with
data reported previously for pure Li,MnO3; electrodes.
The high rechargeable capacity (~300 mA-h/g) obtained
from a 0.3Li;Mn0O3-0.7LiMng sNig 502 electrode between
4.6 and 1.45 V was attributed to the loss of Li,O from
the Li;MnO3; component electrode above 4.3 V and to
the generation of a Li,MO3-type structure below 2 V.
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