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The Lithium-manganese-rich layered oxides (LLOs,
Li;; Mn,TM,_,_,O,, TM=Ni, Co, Mn, Fe, or Cr) are the
most attractive cathode materials for lithium-ion batteries,
because of their high discharge capacities (ca. 280 mAhg™),
and energy density (ca. 1000 Whkg™!; Figure 1a). These
values are two times larger than those of conventional
cathode materials of lithium-ion batteries.!! However, the
structures of these materials are still ambiguous and the
subject of ongoing debate.

It has been proposed that these LLOs are composed of
two phases, one rhombohedral LiTMO, phase (space group:
R3m; TM = Ni, Co, Mn, Fe, and Cr), and the other monoclinic
Li,MnO;-like phase (space group: C2m), shown in Figure 1b
and Figure 1c, respectively.'? The large rechargeable
capacities mainly arise from the activation of Li,MnOs-like
phases inside LLOs when the Li/LLOs cells are electro-
chemically charged to over 4.4 V during the 1st cycle.'t?*3
Furthermore, based on this proposition, the charge/discharge
curves and redox reactions during the 1st and following cycles
of these LLOs at room temperature can be explained
well.'t24°) However, although the synchrotron X-ray diffrac-
tion (SXRD),* nuclear magnetic resonance (NMR),>
extended X-ray absorption fine structure (EXAFS)?*¢! spec-
troscopy, and high-resolution transmission electron micros-
copy (HRTEM)P* results have suggested that the two
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Figure 1. a) Energy density and rechargeable capacity of the main
cathode materials for lithium-ion batteries. b) Crystal structure of the
rhombohedral LiTMO, structure (space group: R3m, TM=Nj, Co, and
Mn) and c) monoclinic Li,MnOs-like structure (space group: C2m)
viewed from the [100] crystallographic direction.

phases are present inside these LLOs, there is still no strong
evidence, such as the direct observation of intergrowth two-
phase in one crystalline grain because of their similar
interlayer spacing (ca. 4.7 A) along [001], and [103]u0n
directions (the subscripts of “rh” and “mon” stand for the
Bravais lattices of rhombohedral and monoclinic, respec-
tively). Thus, some researchers think that these LLOs should
form a homogeneous solid solution between the Li,MnO; and
LiTMO, component.’! Until now, there has been much
debate on the average/local structure of these LLOs and
how they related to the electrochemical properties.!!t2<4°l
Direct imaging of the intergrowth two-phase and hetero-
interface at the atomic scale is essential to clarify the debate,
and to full understand and precisely control the electro-
chemical properties of these LLOs.
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Herein we show the direct observation of the intergrowth
of an Li,MnOs-like structure with a bulk LiTMO, structure
and hetero-interface in grains of the Li; ,Mny 55, Nij146C0.0670:
Lithium-manganese-rich layered oxide material (Supporting
Information, Figure S1) by using atomic-resolution scanning
transmission electron microscopy (STEM). To determine the
atomic structure of the two phases, the newly developed
annular bright-field (ABF)" STEM in combination with
high-angle annular dark-field (HAADF) STEM techniques
are introduced to reveal the LLOs for the first time. We can
definitely image not only oxygen atoms but also the ultra-light
lithium atoms, and thus we can image all the chemical types
present and directly determine the local structure of the two
phases and the hetero-interface. Thus, the strong evidence for
rhombohedral LiTMO, (TM =Ni, Co, and Mn) and mono-
clinic Li,MnOs-like phases coexisting in the studied LLO
material are presented at atomic resolution. Furthermore, the
hetero-interface along the [001],,/[103],,,, zOne axis direction
of the intergrowth two-phase domains is clearly revealed.
These results demonstrate the two-phase nature rather than
a homogenous solid solution, and are consistent with the
proposed electrochemical reaction mechanism of these
LLOs!!

The structure of the LLO was investigated by selected-
area electron diffraction (SAED), and we found two types of
phases: LiTMO, and Li,MnOs-like phases. The results are
consistent with our previous average structure study by
SXRD on this LLO.* Figure 2a shows a typical SAED
pattern obtained from the LiTMO, phase along the [100],,
crystallographic direction and the Li,MnOs-like phase along
the [010],,, crystallographic direction, respectively, which is
reproduced by the simulation, shown in Figure2d and
Figure S2. The SAED patterns, shown in Figure 2b and c,
can also be interpreted as the two-phase coexistence of
LiTMO, and Li,MnOs-like phases along the different zone
axes. Figure2b contains not only 113n (n is integer)
reflections for LiTMO, structure but also additional spot-
ted-streaks along the c*-axis. These spotted-streaks are
consistent with ordering of the Li in the LiMn,-like planes
and are the signature of platelets with an Li,MnO;-like phase
normal to the [001],, zone axis. The experimental SAED
patterns in Figure 2b can be reproduced well by the
simulation in Figure 2e. It is clear that the SAED patterns
of LITMO, structure viewed along the [010] , orientation and
of Li,MnOj-like structure viewed along the [110] ., [100],,0,
and [110],,,, orientations are overlapping (see Figure S3-A).
The different reflections planes inside the Li,MnOs-like
structural unit suggest that there is a high density of stacking
faults in this LLO, the streaks in Figure 2b result from these
stacking faults with thin platelets along the [001],, orientation,
while the sharp spots are indicative of thicker platelets.

Figure 2¢ shows the SAED patterns viewed along the
[001],, direction. The highlighted dashed hexagon shows the
overall hexagonal symmetry of the SAED patterns, while the
dashed parallelogram shows the unit cell of the LiTMO,
structural unit. Figure 2¢ can be well reproduced using the
SAED simulation in Figure 2 f, it is clear that 110,,, 120,,,, and
210y, reflections originated from the LiTMO, structure are
completely superposed with the reflections originating from
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Figure 2. a) Overlapping SAED patterns of the LITMO, structure
reflection projected along [100],, direction and of the Li,MnOs-like
structural units reflection projected along [010],,,,. b) Overlapping
SAED patterns of the LiITMO, structure reflection projected along
[170],, direction and of the Li,MnO;-like structural units reflection
projected along [110],.0n, [100]men @nd [110],m0n directions. c) Overlap-
ping SAED patterns of the LITMO, structural and Li,MnO;-like
structure unit reflection projected along [001],,/[103],,,, direction. d),
e), and f) Simulated SAED patterns corresponding to experimental
SAED in (a),(b), and (c). The white reflection patterns in (d)—(f) show
the simulated SAED patterns reflected from the LiTMO, structural
unit, while the different green, red, yellow, and blue reflection patterns
indicate the different reflected planes in the Li,MnO;-like structural
unit.

the Li,MnOs-like structure, while the additional super-
reflections occurring inside and on the edges of the rhombo-
hedral unit cell originate from the reflections of Li,MnOs-like
structural unit (see Figure S3-B). The SAED patterns com-
bined with the simulations or SXRD patterns tell us the
possibility of two-phase existence in the present LLO,
however it is still difficult to reveal the local configurations
of the two phases at the atomic scale. Figure 3a and b show
the simultaneously recorded HAADF and ABF STEM
images obtained from the LiTMO, domains in the present
LLO. These images are consistent with the LiTMO, structure
projected along the [100], direction (see Figure S4). The
bright-dot contrast in HAADF STEM images (Figure 3a)
and dark-dot contrast in ABF STEM images (Figure 3b)
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Figure 3. a) and b) HAADF and ABF STEM images of the rhombohe-
dral LITMO, structure projected along the [100],, direction. c) and

d) HAADF and ABF STEM images of the monoclinic Li,MnOj;-like
structure projected along the [100],,,, direction. Insets: (top left)
simulated HAADF and ABF STEM images of the rhombohedral
LiTMO, and monoclinic Li,MnO;-like structures based on fast-Fourier-
transform multislice algorithm. Insets: (bottom right) of (b) and (d)
are the crystal-structure image of the rhombohedral LiTMO, and
monoclinic Li,MnO;-like structures, respectively.

show the transitional-metal (TM) atom column positions, the
faint but distinct dark-dot contrast in the interlayer positions
of ABF STEM image (Figure 3b) can be recognized as the
lithium and oxygen-atom column positions in the LiTMO,
structure. The simulated images on LiTMO, structure,
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inserted in each experimental image, reproduce fairly well
all the observed features.

In addition to LiTMO, structure, we found Li,MnO;-like
structure domains in the same grain. Figure 3¢ and 3d show
atomic-resolution HAADF and ABF STEM images of
monoclinic Li,MnOs-like structure, projected along the
[100]0n orientation (see Figure S5) to the c-axis. In
HAADF STEM image, only Mn atoms (or other TM
metals) are visualized as bright spots, corresponding to the
LiMn,-like layer features. While in the ABF STEM image, we
can observe not only TM atoms but also oxygen (next to the
LiMn,-like layer) and even lithium atoms (between oxygen
layers or between Mn atoms within LiMn,-like layers) as dark
dot contrasts. The observed features in Figure 3c and d are
well reproduced by the image simulation (see insets),
suggesting that LiTMO, and Li,MnO;-like structures are
coexisting in the same grain. Our experimental results directly
demonstrate the two-phase coexistence of LiTMO, and
Li,MnOs-like structures. However, there are still some
important issues that need to be clarified: in particular the
local atomic structure of the hetero-interface between the two
phases.

Figure 4a shows the atomic-resolution HAADF STEM
image obtained from the hetero-interface between LiTMO,
and Li,MnO;-like structures. There are two individual domain
regions marked by the blue dashed-line rectangles. In the
region I, there are four horizontal bright bands corresponding
to the TM planes of the LLO. In the 1st, 2nd, and 4th bright
bands, each row consists of a periodic sequence of two bright
spots and a dark spot, corresponding to the LiMn,-like layers
of the Li,MnOs-like structural units. While, in the 3rd bright
band (between the 2nd and 4th bright band), the bright spots
are aligned to form continuous lattice fringes with 0.14 nm
inter-column spacing, and are associated with the LiTMO,
structural unit projected along the [HOLh direction. Until
now, evidence for two-phase coexistence is similar to the
phenomenon of region I in Figure 4a.?*¢! While in region IT
of Figure 4 a, two arrangements of bright spots are presented
and separated into two different domains: sequences of two
bright spots and a dark spot are shown in the 5th, 6th, and 7th
bright bands, and continuous bright spots are shown in the
8th, 9th, and 10th bright bands.
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Figure 4. a) HAADF and c) ABF-STEM images of the intergrowth two-phase and hetero-interface in the same local region along the [001],, zone
axis direction. b) Intensity profiles of each bright band (1-10) inside the two regions in (a) along horizontal direction. d) Two proposed interface
models based on (c). The inserted parallelogram and rectangle in (a) show the different parallelogram and rectangular symmetry of the
monoclinic Li,MnO;-like structure. Inserted image in (c) shows the whole intergrowth two-phase and hetero-interface atomic arrangements inside

the LLO.
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The 5th, 6th, and 7th rows are associated with the local
monoclinic ordering of the LiMn,-like layer present in the TM
planes, while 8th, 9th, and 10th rows are consistent with local
rhombohedral ordering of the TM-TM atom arrangement in
the TM planes. The region II gives strong evidence for the
two-phase coexistence of LiTMO, and Li,MnOs-like struc-
tures, and is also in agreement with the former discussion of
the SAED patterns and HAADF/ABF STEM images. The
intensity profiles along the ten bright bands in Figure 4a are
shown in Figure 4b, showing the periodicity of the inter-
column spacing of the regions I and II, and revealing the two-
phases of the LiTMO, and Li,MnOs-like structures can
coexist inside the LLO. Furthermore, the ABF STEM image
of the intergrowth and hetero-interface with visible lithium
and oxygen atomic columns in the same region of the LLO is
shown in Figure 4c, and the validity of relative atomic
positions is demonstrated clearly by the inserted crystal-
structure image model.

On the basis of the atomic arrangement of the intergrowth
and hetero-interface inside the single LLO grain, two inter-
face models can be proposed and are shown in Figure 4d. In
the model I, we consider that there is a single plane of the
LiTMO, structural unit oriented along the [110], direction
inside the Li,MnO;-like structure oriented along the [110], .
direction. We can also suppose that a few Li atomic sites in the
LiMn,-like layer of the Li,MnOs-like structural units orien-
tated along the [110],, . direction are occupied by TM atoms,
which can be notated as [110]1w/". Model I is ambiguous on
distinguishing the two-phase coexistence. While, in the
model II, the large domains with the LiITMO, structural unit
orientated along the [110],, direction and with the Li,MnO5-
like structural unit orientated along the [100],,,, and [110] ..
directions integrate together along the c-axis, and the hetero-
interfaces of these two structural units are presented along the
[001],4/[103],,n Orientation.

The lithium ion in the transitional-metal layer of this LLO
(0.2 in Li[Li;,Mny 56;Nij 146C00 067] O,) is not enough to support
the overall Li-TM-TM (Li:TM =2) periodic ordering com-
pared with that of Li,MnO; (0.33 in Li[Li,33;Mn;4,]O,). Thus,
coexistence of the two structures associated with TM-TM and
Li-TM-TM periodic ordering in the transitional-metal layer is
the most probable outcome. In addition, the parallelogram
and rectangle symmetry (the inserted white boxes in Fig-
ure 4a, the black dashed line in Figure 4c and d) observed
inside the LLO give direct evidence that a high density of
stacking faults exists inside the Li,MnOs-like structure, which
is consistent with the SAED pattern analysis.

In conclusion, electron diffraction and state-of-the-art
ABF/HAADF STEM imaging combined with computer
simulations provide direct access to the local atomic arrange-
ment of the Li;,Mngss;Ni;166C000670, lithium-rich layered
oxide material for lithium-ion batteries. The intergrowth of
rhombohedral LiTMO, (TM =Ni, Co, and Mn)/monoclinic
Li,MnOs-like structures and their hetero-interfaces inside this
material are directly revealed at the atomic scale. The
domains with these two structures are separated by the
(001),,/(103),p0n plane along the [001],/[103],,, orientation,
strongly supporting the local structure variation of these
LLOs. Ongoing efforts are focused on the local component
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analysis by energy dispersive spectrometry (EDS) and local
structure variation influenced by different charge/discharge
states.

Experimental Section

The Li, ,Mny 56N 166C00 0670, lithium-rich layered oxide materials
are prepared by a solid-state reaction method, and the detailed
synthesis process and characterization with synchrotron X-ray
diffraction and X-ray diffraction are shown in Ref. [2a,b]. The thin
specimens for TEM or STEM observations were prepared by softly
crushing fine particles in ethanol and dispersing it onto perforated
amorphous carbon films. SAED patterns and BF-TEM images were
taken with a 200 kV JEM-2010HC electron microscope (JEOL), and
the possible overlapping SAED figures are calculated. Atomic-
resolution ABF/HAADF-STEM images were taken with a 200 kV
ARM-200CF electron microscope (JEOL) equipped with an aberra-
tion corrector and a cold field-emission gun. The microscope
conditions for the atomic-scale analysis are: the probe-forming
aperture half-angle is 24.5 mrad and half-angles of the ABF and
HAADF detectors are 12-24.5 mrad and 68-280 mrad, respectively.
The HAADF/ABF-STEM image simulations were carried out by the
xHREM software (HREM research Inc.).
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