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Abstract Detailed crystallographic data on high-quality
Li,MnOj; material has been obtained using a combination
of X-ray diffraction (XRD), selected-area electron dif-
fraction (SAED), high-resolution electron microscopy
(HREM), and 0.1 nm probe high-angle annular dark-field
imaging (HAADF) in a scanning transmission electron
microscope. A high-purity Li,MnO3; powder was annealed
at 950 °C for 3 days to obtain predominantly defect-free
grains which average size was 3.0 £ 1.5 pm. Rietveld
refinement indicated that the C2/m spacegroup provided
the best fit for the XRD data. Electron diffraction patterns
obtained along various zone axes, on defect-free oxide
particles, could be uniquely indexed to the monoclinic
structure. HREM and HAADF images of defect-free grains
were consistent with a Li-Mn-Mn- arrangement, i.e.,
lithium ordering in the transition metal planes. Low-mag-
nification TEM images occasionally revealed stacking
defects within oxide particles. HREM images of sample
areas containing defects revealed a low density of stacking
faults within the monoclinic sequence, resulting in a tri-
gonal P3;12 local arrangement.

Introduction

Material development for alternative energy technologies
has accelerated in recent years because of environmental,
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economic, and national security concerns associated with
the use of petroleum and petroleum products. Manganese
oxide compounds are of significant interest to the energy
industry because they are cheap, plentiful, non-toxic, and
environmentally benign [1]. These compounds can be
synthesized in numerous crystalline and disordered forms,
each with distinctive physical and electrochemical prop-
erties. The y-MnQO, phase is well known for its application
in primary 1.5 V Zn/MnO, alkaline cells [2]. Manganese
oxide is the electrocatalyst in commercial Zn—air alkaline
batteries, which have been widely used for several decades
[3]. Amorphous MnO, compounds are being actively
examined as electrodes for asymmetric electrochemical
ultracapacitors as a low-cost alternative to hydrous RuO,
compounds [4, 5]. Lithium manganese oxides and their
proton (exchanged for lithium) variants are of interest as
electrocatalysts for oxygen reduction in lithium—air cells
[6]. Lithium manganese oxides are especially important as
electroactive materials in rechargeable lithium and lithium-
ion batteries because of their ability to serve as lithium
intercalation hosts [1]. The spinel LiMn,O, is being used in
commercial lithium-ion cells either on its own or in com-
bination with other lithium-intercalating oxides. Other
spinels, such as LisMnsO;,, and defect spinels, such as
Li,Mn40y, are also known to reversibly intercalate and
deinitercalate lithium over many cycles [1, 7-10]. The
insertion or extraction of lithium from these compounds is
based on the ability of Mn to oscillate between various
oxidation states. In addition, a partial substitution of
manganese with transition metals (TMs) such as Ni, Co, Cr
makes it possible to tune the cycling performance and
aging behavior of these compounds [11-14].

In contrast to the above-mentioned lithium manganese
oxides, Li,MnOj is known to be electrochemically inactive
for lithium insertion and extraction, in its microcrystalline
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form [1, 15]. Li,MnO3; can be made lithium-active by
leaching Li or Li,O from the structure; these Li-deficient
compounds are reported to have high intercalation capac-
ities and good reversibility [1]. Alternatively, when syn-
thesized in a nanocrystalline form Li,MnO; has been shown
to yield capacities up to 200 mAh/g, and excellent capacity
retention over multiple cycles [16]. Structural studies of
Li,MnOj are of fundamental interest because it represents
one of the end members of the Li;s(TM,Mn;_,);_50,
family (x = 0, 6 = 1/3), where TM stands for a transition
metal (e.g., Fe, Ni, Cr, Co) or a combination of them (e.g.,
Li; 1 s(NiyCoyMn;_,_,);_50,) [11, 17-20]. These com-
pounds typically have a layered rhombohedral (R3m)
structure, and are promising positive electrode materials
because of their high capacity and thermal stability. Pres-
ently there is ongoing debate in the literature on whether
these compounds form homogeneous solid solutions [21] or
contain ordered or partially disordered Li,MnO5; domains
intergrown and integrated with the LiTMO, structure
[22, 23]. Thus, a critical aspect of this debate is the intrinsic
structure of Li,MnOs (also written as Li(Li;3Mn,/3)05) on
which there are some conflicting reports. The Li,MnO5
structure has been reported to be trigonal (P3;12) [24] as well
as monoclinic, either C2/m [25-27] or C2/c [28]. Meanwhile,
LiMnO, has been reported to have a stable orthorhombic
(Pmmn) and a metastable rhombohedral (R3m) structure
which is stabilized by TM additions [29-31].

The purpose of this work is to obtain detailed crystal-
lographic data, both in direct and reciprocal space, on high-
quality Li,MnO; material in order to complement the
structural information in the literature. We perform high-
resolution crystallographic characterization using a com-
bination of X-ray diffraction (XRD), selected-area electron
diffraction (SAED), high-resolution electron microscopy
(HREM), and 0.1 nm probe high-angle annular dark-field
imaging (HAADF) in scanning transmission electron
microscopy (STEM). A sample preparation protocol
resulting in large, defect-free sample areas in combination
with the high lateral resolution of our instruments allowed
us to determine the monoclinic nature of Li,MnO5. Addi-
tionally, we present lattice resolution images of sample
areas containing stacking faults within the monoclinic
sequence that result in a small fraction of trigonal P3,12
local environments.

Experimental section

A high-purity Li,MnO; powder obtained from Strem
Chemicals was heat-treated at 950 °C for 3 days to
enhance oxide crystallinity. Powder XRD patterns of the
material were collected on a Siemens D5000 diffractometer
(CuKu radiation) between 10 and 80° 20 at a scan rate of
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0.25° 20/min. The commercial software Jade 8.0 was used
for analysis of the X-ray pattern and Rietveld refinement of
the crystal structure.

The Li,MnOj; powder was then mixed with 8 wt%
polyvinylidene difluoride (PVdF) binder and coated on to a
30-um thick Al foil. Transmission electron microscopy
(TEM) samples were prepared from this coated foil in
several steps: (1) a 3-mm disk was punched out, (2) the
disk was then glued on to a Cu ring TEM grid, (3) the Al
current collector was then gently removed leaving only the
electrode coating on the Cu-ring, (4) the sample was cooled
with liquid nitrogen and then subjected to low-angle (12°)
Ar-ion milling at 5 kV from both sides followed by 3 kV
milling to perforation. This technique produces large, thin
areas that contained many oxide particles suitable for TEM
examination.

The sample was first examined by SAED along various
zone axes, obtained by tilting to large angles in a FEI
CM12 TEM operated at 120 kV, in order to construct the
reciprocal space maps of the oxide material. Lattice-reso-
lution transmission electron microscopy was carried out at
200 kV with a JEOL 2010LaB6, while HAADF STEM
images were acquired using a JEOL 2200FS instrument
equipped with a probe aberration corrector (CEOS GmbH,
Heidelberg, Germany). The point-to-point resolution of the
JEOL 2010LaB6 is 0.22 nm in the TEM mode, while the
resolution of the JEOL 2200FS is 0.1 nm in the HAADF
mode.

Results
X-ray diffraction

Figure la shows an XRD pattern from the Li,MnOj; lam-
inate along with expected peak positions and intensities for
the C2/m, C2/c, and P3,;12 structures. Overall, the spec-
trum presents sharp and pronounced peaks, indicative of
the good crystalline quality of the sample. Diffraction
peaks in the 20 = 20° to 35° range, absent in the rhom-
bohedral R3m LiMnO, structure, are characteristic of Li
ordering in the TM layers [25]. An expanded spectrum of
this area is shown in Fig. 1b. The experimental peaks
correspond to the expected position of the C/2m and P3;12
structures; additional peaks expected from the C/2¢ struc-
ture at 20 values of 22.8, 26.2, and 30.3 are absent from the
experimental spectrum. In comparison to trigonal P3,12,
monoclinic C2/m and C2/c spectra are characterized by
more numerous diffraction lines in the 20 angular range
above 44°, with notable peak splitting around 44.5° and
65°. Rietveld refinement of the data provides good agree-
ment to both C2/m and C2/c monoclinic Li,MnO; struc-
tures, with refinement parameters R of 14.9%, and 16.4%,
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Fig. 1 Experimental X-ray powder diffraction patterns (top panels)
from the Li,MnOj; sample with expected peak positions for C/2m,
C/2¢, and P3,12 structures: a an over-view spectrum, b expanded
view of the 26 = 18-36° region, and ¢ high-resolution display of the
region around 44.5° showing a pronounced shoulder in the experi-
mental peak

respectively, while the fit to a P3;I2 structure yielded
R =42.2%. Figure 1c shows an expanded view of the
region between 40° and 50° illustrating the pronounced
peak splitting in the experimental data in the 26 region
around 44.5° and 47° which is indicative of the monoclinic

Table 1 Lattice parameters of the monoclinic unit cell, obtained
from Rietveld analysis of the Li,MnO; XRD data

Cell a, nm b, nm ¢, nm B, ° Volume, nm>

C2/m 0.4932 0.8535 0.5027 109.41 0.1996

structure of the sample. Monoclinic lattice parameters
resulting from the Rietveld analysis, given in Table 1, are
in good agreement with previous reports in the literature
[25, 26]. Thus, the XRD data with the Rietveld analysis
provide evidence that the well-annealed Li,MnOj3; material
studied here contains predominantly the C/2m monoclinic
polymorph.

Electron microscopy

Electron microscopy images and diffraction patterns were
collected from various oxide particles in the sample. A
typical bright field (BF) image of an oxide particle is
shown in Fig. 2. Under low magnification BF examination
most particles, whose average size was 3.0 & 1.5 pm, were
free of obvious defects; but planar defects were observed
locally in a few particles, as seen in Fig. 2. In the following
paragraphs, we focus on electron diffraction patterns and
lattice resolution images from defect-free regions; defect-
containing areas are considered later in the article.

Electron diffraction

Figure 3 provides six typical SAED patterns recorded
along different zone axes (indicated in the labels) from
defect free areas of different grains. Such patterns were
collected on multiple grains by tilting the sample to angles
corresponding to the desired zone axis, following Kikuchi

Fig. 2 Low-magnification bright field TEM image of the Li,MnO;3
sample showing micrometer-size grains with platelet-like defects
(see arrow) localized in areas of some hundreds of nanometers
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Fig. 3 Six typical selected area (a) ®[100],
electron diffraction (SAED) ;
patterns recorded along (001) I:::I

different zone axes (indicated in
the labels) from defect free
areas of different grains. The
patterns are indexed with
respect to the monoclinic
(C2/m) unit cell. The reciprocal
unit cell corresponding to the
rhombohedral R3m LiMnO,
structure is outlined on each
diffraction pattern with white
lines. The inset on each panel
presents a schematic drawing
showing the position of the
observed monoclinic reflections
(black dots) and additional
reflections expected from a
trigonal (P3;12-Li,MnO3)
structure (grey dots)

001

(d) ®[101],

line maps. The patterns are indexed with respect to the
monoclinic C2/m unit cell, as indicated by the subindex M
in the zone symbols [uvw]y;, and the reciprocal unit cell
corresponding to the rhombohedral R3m LiMnO, structure
is outlined on each diffraction pattern with white lines. The
inset on each panel presents a schematic drawing showing
the position of the observed monoclinic reflections (black
dots) and additional reflections expected from a trigonal
P3,12 structure (gray dots). Patterns (a) through (c) are
recorded along the [100]y;, [110]y, and [010]y; zone axes,
respectively, corresponding to a rotation of the structure
around the (001) pole (normal to the hexagonal metal- and
oxygen-planes). Patterns (d) through (f) are recorded along
the [101]yg, [103]y, and [001]y; zone axes, respectively,
corresponding to a rotation of the structure around the
(010) pole (parallel to the nearest-neighbor bond direction
within hexagonal planes). Patterns (a) and (d) are also
related by a rotation around the (010) pole.

Compared to the unit cell expected for rhombohedral
R3m LiMnO,, the experimental patterns exhibit additional
reflections at 1/3 ggpo positions, due to the 1 x 3
arrangement of Li atoms within LiMn, planes [24], in
agreement with the XRD data. The absence of P3;I2
exclusive reflections on the experimental patterns (gray
dots in the schematic insets) in Fig. 2a, b, and e, is evi-
dence of the overall monoclinic structure of the analyzed
Li,MnO3; material.

Electron imaging
Figures 4, 5, 6, 7 present HREM, HAADF images of
defect-free areas of the sample recorded along the [100]y,

[110]y, [010]y, and [001]y; zone axes, respectively,
together with structural models of the corresponding
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Fig. 4 Experimental a HRTEM and b HAADF images of a nearly
defect-free area of a Li,MnO; sample, recorded along the (mono-
clinic) [100]y zone axis. White boxes in the bottom-right corner of the
panels indicate the projected unit cell of the crystal structure. ¢, d
Scale drawings of the ¢ monoclinic C2/m and d trigonal P3;12
Li,MnOj structures, projected along the [100]y; zone axis. Yellow and
blue dots represent pure Li- and Mn-atomic columns, respectively, in
LiMn, planes; O- and Li-planes have been omitted for clarity. Dark
blue boxes indicate the projected unit cell of the structure. Plane-
stacking sequences resulting in parallelogram- and rectangular-
meshes are labeled P and R, respectively

projections of the C2/m and P3;12 Li,MnOj; structures. In
the following paragraphs, we describe the experimental
micrographs, which we discuss and compare to the struc-
tural models later in “Discussion” section.
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Fig. 5 Experimental a HRTEM and b HAADF images of a nearly
defect-free area of a Li,MnO5; sample, recorded along the (mono-
clinic) [110]y zone axis. White boxes in the bottom-right corner of the
panels indicate the projected unit cell of the crystal structure. ¢, d
Scale drawings of the ¢ monoclinic C2/m and d trigonal P3;12
Li,MnOs structures, projected along the [110]y; zone axis. Yellow and
blue dots represent pure Li- and Mn-atomic columns, respectively, in
LiMn, planes; O- and Li- planes have been omitted for clarity. Dark
blue boxes indicate the projected unit cell of the structure. Plane-
stacking sequences resulting in parallelogram- and rectangular-
meshes are labeled P and R, respectively

HREM images are formed by recombining the trans-
mitted beam with multiple diffracted beams in a given zone
axis. The phase interference between these beams results in
a periodic fringe contrast representative of different atomic
columns, which allows the unique determination of lattice
spacing and symmetries of the sample. HAADF images are
formed by collecting electrons scattered by the specimen
with a high annular detector (angular range > 50 mrad). In
HAADF images, the intensity in each pixel is proportional
to the incoherent scattering at each beam position, which in
turn is a function of both the average atomic number Z of
the projected atomic column and the local specimen
thickness. As light elements, Li and O, contribute weakly
to electron scattering at higher angles, the HAADF image
can be regarded as directly depicting the positions of the
Mn-rich columns.

Figures 4 and 5 present the results along the [100]y; and
[110]n zone axes, respectively; i.e., along two equivalent
second-nearest neighbor directions (or normal to the bond
directions) in the hexagonal planes, with the plane normal
running vertical to the figure. Both HREM and HAADF
micrographs show a rectangular (R) or parallelogram (P)
(Figs. 4 and 5, respectively) pattern of bright spots,
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Fig. 6 Experimental a HRTEM and b HAADF images of a nearly
defect-free area of a Li,MnO; sample, recorded along the (mono-
clinic) [010]y; zone axis. White boxes in the bottom-right corner of the
panels indicate the projected unit cell of the crystal structure. ¢, d
Scale drawings of the ¢ monoclinic C2/m and d trigonal P3;12
Li,MnOj structures, projected along the [010]y; zone axis. Green dots
represent atomic columns in LiMn, planes; O- and Li-planes have
been omitted for clarity. Dark blue boxes indicate the projected unit
cell of the structure

consistent with the projection of a monoclinic structure
along the Li columns in the Mn-planes [32]. The vertical
spacing between two consecutive rows in the images is
0.47 nm in agreement with the 0.474 nm spacing between
consecutive LiMn, planes in Li,MnOj;. The horizontal
overall periodicity of the images is 0.43 nm, corresponding
to three times the projected distance between atomic col-
umns (9199 = b/6 ~ 0.142 nm) at hexagonal planes in
Li,MnOs. Due to the higher resolution in HAADF mode, a
single bright dot appearing in the HREM micrographs
(Figs. 4a and 5a) is resolved into two separate spots in the
HAADF micrographs (Figs. 4b and 5b); these spots are
0.14 nm apart, corresponding to d;go.

Figure 6 presents the results along the [010]y; zone axis;
i.e., along the nearest-neighbor (or the bond) direction in
the hexagonal planes, with the plane normal running ver-
tical to the figure. Both the HREM and HAADF micro-
graphs (Fig. 6a and b, respectively) show a P pattern of
bright spots with a characteristic angle of 110°, corre-
sponding to the lattice angle f of C2/m Li,MnOj. The
vertical spacing between two consecutive rows in the
images is 0.47 nm, as in Figs. 4 and 5. The horizontal

@ Springer



5584

J Mater Sci (2009) 44:5579-5587

..lo'b‘t

.t.l'tll‘.-
L O B B B A

L BN N B B B B B BN B
L I O B B B B BN
L B B B N N N B R
L B I A
LN IR N I BN B I O I
L 3R O BN N IR B B O

LI T N N

-{.01.0).M.o-n. t' -.o..H-

dg

[301]y
dq=0.284nm dp=0.273nm d3=0.238 nm d4q=0.233 nm

(16 88 1)1

Li @ [Lip/aMnq/3] @ [Lig/3Mng5] ®Mn

Fig. 7 Experimental a HRTEM and b HAADF images of a nearly
defect-free area of a Li,MnOj sample, recorded along the (mono-
clinic) [001]y; zone axis. White boxes in the bottom-right corner of the
panels indicate the projected unit cell of the crystal structure. ¢, d
Scale drawings of the ¢ monoclinic C2/m and d trigonal P3;12
Li,MnOj structures, projected along the [001]y; zone axis. Colored
dots represent atomic columns in LiMn, planes (corresponding
compositions are given in the legend); O- and Li- planes have been
omitted for clarity. Blue boxes indicate the projected unit cell of the
structure

periodicity of the images is 0.25 nm, corresponding to the
projected distance between atomic columns (dgjg =
al/2 ~ 0.246 nm) in hexagonal planes in Li,MnO3.
Figure 7 presents the results viewed along [001]y; zone
axis; i.e., 19° away from normal to LiMn, (001) planes.
The HREM micrograph (Fig. 7a) shows a quasi-hexagonal
pattern of bright dots corresponding to a projection of the
hexagonal LiMn, planes, which are 19° tilted around the
vertical axis of the image, [010]y;. The horizontal period-
icity of the image is 0.47 nm, corresponding to the pro-
jection of the second-nearest neighbor interatomic spacing
in the hexagonal planes [a cos(19°) =~ 0.466 nm]. The
periodicity along two equivalent quasi-hexagonal axes,
rotated 120° with respect to the horizontal axis, is 0.49 nm.
The corresponding HAADF micrograph (Fig. 7b) also
shows a quasi-hexagonal pattern of similar periodicity.
This time, the repeat motif consists of a hollow hexagonal
ring of sharp spots (i.e., a honeycomb pattern). The spot
spacing, measured along the undistorted [010]y; direction
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Fig. 8 a HREM images showing TM-plane stacking and stacking
defects within the Li,MnOj structure. b Higher-magnification view
showing the presence of rectangular-meshes (R-type stacking) among
the parallelogram-mesh (P-type stacking) matrix. Both images are
projected along the [110]y zone axis, the same as in Fig. 5a

(vertical axis of the image), is 0.28 nm, corresponding to
the nearest-neighbor distance within the hexagonal planes
in Li,MnO;3 (b/3 ~ 0.284 nm).

Figure 8 presents a typical HREM image of an area of
the sample containing stacking faults, such as the planar
defects visible in Fig. 2. The image is projected along the
[110]y zone axis, the same as in Fig. 6a. Stacking faults
along the plane normal to the hexagonal closed packed TM
planes are present within the basic monoclinic matrix.
While most of the material shows the P-type pattern typical
for the monoclinic structure in this projection, there are
R-type stacking meshes extending over only a few atomic
distances.

Discussion

Three different Li,MnO; structures have been reported in
the literature, one trigonal (P3;/2) and two monoclinic
(C2/m and C2/c). All these structures can be derived (upon Li
substitution for Mn) from the rhombohedral R3m LiMnO,
structure, which, in turn, is structurally related to the (face
centered cubic) B1-NaCl structure. In R3m LiMnO,, O
occupies B1-NaCl anion positions, while Li and Mn alter-
nately occupy the hexagonal close-packed cation planes as
illustrated in Fig. 9a. The resulting R3m LiMnO, structure
can be viewed as an ABC-stack of hexagonal planes along
one of four equivalent B1-NaCl<111> directions, following
a -Li—-O-Mn-O- sequence. Consequently, the 4-fold sym-
metry of B1-NaCl structure disappears, and the plane-
stacking direction becomes the c-axis of the rhombohedral
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R3m cell, [0001]g. Furthermore, substituting Li for Mn at () —
1/3 of the atomic positions at Mn-planes (thus becoming ' Az
LiMn, planes), results in Li,MnO; (Fig. 9a). ,: B,
In order to facilitate the comparison between the trigonal A
~

and monoclinic variants of Li,MnO3, we define a set of
crystallographic directions relative to the atomic arrange-
ments in the hexagonal close-packed planes, independently
of the specific unit cell choice. Figure 9b shows the char-
acteristic “flower-pattern” arrangement of Li atoms in a
LiMn,-plane of Li,MnOj [33, 34]. As indicated on the
figure, we define three equivalent Al directions along sec-
ond-nearest neighbor directions (i.e., between Li-atoms or
normal to bonds) and another three equivalent A2 directions
along nearest-neighbor directions (i.e., between Mn atoms
or along the bonds) within the plane. The angle between
consecutive directions in the Al or A2 sets is 120°, while
both sets are rotated by 30° with respect to each other. We
denote the direction normal to the hexagonal closed packed
cation plane as A3, while A4 is defined as the direction
between two equivalent atomic positions in consecutive
LiMn, planes. Miller indices of crystallographic directions
parallel to Al, A2, A3, and A4 in B1-NaCl, LiMnO,, and
Li,MnOj structures are presented in Table 2.

Trigonal and monoclinic Li,MnO; differ only in the
relative positioning of Li-sublattices between successive
LiMn, planes, which in both cases keep the fcc-like ABC-
stacking sequence [25]. As indicated in Fig. 9b, the Li
atom of the next LiMn, layer could occupy one of six
equivalent positions B, marked with red stars, relative to a
position A of the Li atom at the center of the figure. The top
view of two successive LiMn, layers, namely AB, is shown
in Fig. 9c. For the third successive layer, there are two non-
equivalent positions that can be occupied by the Li atom
while following the ABC stacking of the parent NaCl
structure: (1) the Li atom can occupy position C, aligned
with the corresponding Li atoms in the A and B layers,
forming pure Li (010)y; planes as indicated in Fig. 9d; and
(2) the Li atom can occupy position C’, resulting in a 3-fold
screw axis normal to the LiMn, planes as shown in Fig. 9e.
The ABC’ stacking of LiMn, layers results in a trigonal
P3,;12 structure, while ABC stacking results in a mono-
clinic C2/m structure with the c-axis of the unit cell joining
two consecutive Li atoms in the ABC sequence.

The a and b unit cell vectors for C/2m and P3;12
structures are shown in Fig. 9d, e, respectively. For C2/m
Li,MnOs3, the a axis is along the Al direction in Fig. 9b;
the b axis is perpendicular to a axis. The ¢ axis, [001]yy,
coincides with the A4 direction (see Fig. 9a) that connects
Li atoms of successive LiMn, layers. The c-axis of the
trigonal P3;12 unit cell, [0001]t, is normal to the LiMn,
planes; while their a- and b-axes are parallel to Al and A2,
respectively. The P3;12 structure presents 3-fold rotation
symmetry around [0001]t; the lack of such symmetry in

@Li ¥@®Mn *O

Fig. 9 a Schematic of the C2/m Li,MnO; structure showing the
ABC-stacking sequence of hexagonal Li, O, and LiMn, planes; as
well as the relation between the cubic (black) and monoclinic (dark
blue) unit cells. Atomic positions are indicated by colored line
crossings and dots (the color code is given in the legend). b Top-
view of a LiMn, plane. Red stars indicate the six equivalent
positions for Li in the next LiMn;, plane in the stack. ¢ Top-view of
two stacked LiMn, planes. Two non-equivalent positions for Li in
the next LiMn, plane are labeled C and C'. d Top-view of a C2/m
LiMn, plane stacking sequence, corresponding to site C in panel c.
e Top-view of a P3;/2 LiMn, plane stacking sequence, correspond-
ing to site C’ in panel c. Blue arrows in various panels indicate A,
A,, A;, and A4 crystal directions (see text for details), as well as the
a and b unit vectors of the C2/m (panel d) and P3;/2 (panel e)
structures. A discontinuous blue arrow in panel d indicates the
direction of the c-axis of the C2/m structure, projected onto the
plane of the figure
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Table 2 Relationship between crystallographic directions in B1-NaCl, rhombohedral-LiMnO, (R3m), trigonal-Li,MnO3 (P3,12), and mono-

clinic-Li,MnO3; (C/2m) structures

Al: Normal to bonds
in hexagonal planes

A2: Along bonds
in hexagonal planes

A3: Normal to
hexagonal planes

A4: Along
Li-channels

Cubic (B1-NaCl) [112]c [110]¢ [111]¢ [112]¢

Rhombohedral (R3m) [1100]x [1120]g [0001]x [1101]x
Trigonal (P3,12) [2110]1 [0110] [0001] [2113]1
Monoclinic (C2/m) [100]y [010]y [103]u [001]p

the C2/m structure is one key factor that distinguishes
between trigonal and monoclinic Li,MnO;. The other
monoclinic structure (C2/c) also follows the ABC stacking
sequence [25]. The C2/c Li,MnOj; unit cell can be thought
of as two C2/m unit cells stacked along the ¢ axis. By
convention, the a- and b-axes of the C2/c cell are chosen to
point in the opposite direction than their C2/m counterparts,
and the ¢ axis of the C2/c cell is chosen along the ac-face
diagonal of the C2/m cell. In addition to the definition of
the unit cell, minor relaxations from the ideal atomic
positions derived from the R3m-LiMnO, structure trans-
form the (010)-mirror planes in the C2/m structure into
glide planes in the C2/c structure.

When viewed along A1 axes, the LiMn, planes appear as
arepeating sequence of two Mn-atomic columns and one Li-
column (see Fig. 9b) and the expected intercolumnar dis-
tance is b/6 = 0.142 nm. The relative in-plane projected
displacement between Li-columns in successive LiMn,
planes is indicative of the trigonal or monoclinic stacking
sequence. Figures 4d and 5d show two projections of tri-
gonal Li,MnO; along equivalent Al axes. In this structure,
A3 (the vertical axis of the figure) is a 3-fold screw axis, and
the structure appears as a zigzagging stack alternating R and
P patterns, which is expected to be invariant with respect to
the actual choice of projection axis between the three
equivalent (2110)y directions. However, A3 is a 2-fold
rotation axis in monoclinic Li,MnOQOs: thus, A1 directions are
not crystallographically equivalent and two distinct struc-
ture projections are possible. When projected along the
[100]y; zone axis, the structure shows the homogeneous
(rectangular) R LiMn, stacking pattern depicted in Fig. 4c
and observed experimentally in Fig. 4a (HREM) and b
(HAADF). When projected along the [110]y; zone axis, on
the other hand, the structure shows the homogeneous (par-
allelogram) P LiMn, stacking pattern depicted in Fig. 5c
and observed experimentally in Fig. 5a, b.

The overall symmetry of these projections is also
revealed in the SAED patterns presented in Fig. 3a, b. The
[100]ps SAED pattern in Fig. 3a shows rectangular sym-
metry, corresponding to the R patterns in Fig. 4a—c; while
the [110]y; SAED pattern in Fig. 3b shows oblique sym-
metry corresponding to the P patterns of Fig. Sa—c. In
contrast, all Al zone axes in trigonal Li,MnO; are
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equivalent, resulting in similar structure projections and
SAED patterns along them. The schematic insets in
Fig. 3a, b show that the additional reflections expected
from trigonal Li,MnOs5 (gray dots) results in the same
SAED pattern in both cases.

Figure 6¢c, d shows A2 projections of the monoclinic and
trigonal Li,MnOj structures, respectively. Contrary to Al
zone axis projections, A2 zone axes projections cannot
distinguish between monoclinic and trigonal Li,MnOj3. In
this case, LiMn, planes project as rows of equivalent atomic
columns, with LiMn, composition and intercolumnar dis-
tance a/2 ~ 0.247 nm. The stacking of LiMn, planes along
A3 (vertical axis of the picture) results in a P-type projected
structure, with sides parallel to Al and A4, as can be seen
experimentally on Fig. 6a (HREM) and b (HAADF). The
corresponding SAED pattern on Fig. 3¢ shows the expected
2-fold P pattern and, as can be seen in the inset, no additional
reflections are expected for a trigonal structure.

The SAED data along A3 (Fig. 3e) displays the 2-fold
rotation symmetry of monoclinic Li,MnO;; while the
additional reflections expected for trigonal Li,MnOj (gray
dots in the inset) would result in a 6-fold symmetric pattern,
arising from a combination of the trigonal 3-fold screw axis
in the structure and the additional centro-symmetry of the
pattern due to kinematic diffraction conditions.

Figure 7c, d shows two projections of the monoclinic
and trigonal Li,MnOj structures, respectively, along A4;
i.e., along Li-channels. The projected monoclinic structure
presents a guasi-hexagonal pattern, consisting of pure Li-
and Mn-atomic columns, with each Li-column surrounded
by six Mn-columns in a honeycomb structure. The pro-
jected trigonal structure, on the other hand, displays a
2-fold symmetric structure composed of alternating rows of
Mn-, LiMn;-, and Li,Mn-atomic columns. The quasi-6-
fold symmetry of the corresponding HREM (Fig. 7a) and
HAADF (Fig. 7b) images, as well as of the SAED pattern,
confirms the monoclinic structure of the sample; while the
contrast of the HAADF micrograph is in perfect agreement
with the interpretation of low-Z (Li) columns surrounded
by six high-Z (Mn) columns.

In summary, a combination of Rietveld refinement of
XRD patterns, SAED, HREM, and HAADF analysis of
high-quality Li,MnO; powder confirms that defect-free
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areas of the sample, which can be as big as a few microns,
present monoclinic structure. Defects within this structure,
such as the area presented in Fig. 8, consist of small
(between 1 and 5 LiMn,-plane spacings wide) R-type
inclusions within a P-type matrix; which can be regarded as
a stack of monoclinic Li,MnOj slabs (P-type matrix) some
of which (R-type inclusions) are rotated around the com-
mon A3 axis by 60°. Additionally, trigonal Li,MnOj3 can
also be regarded as a faulted stack of monoclinic Li,MnOs3,
where every slab (one C2/m unit cell high) is rotated
around the common A3 axis by 60°. Such a fault does not
require a change of composition and keeps the overall fcc-
like plane stacking sequence, affecting only the high-order
bonds between atoms in LiMn, planes; and can be
expected to possess very low formation energy. Indeed,
previous DFT calculations of Li,MnO; ground-state
energy [25] found negligible (~2 meV/f.u.) differences
between the monoclinic and trigonal structures indicating
that either the sequence-fault formation energy is very low
or that there is a strong interaction between sequencing
faults that greatly favors the P3;12 arrangement. Li,MnOj3
alloying with additional TM to form Li;;,TM,Mn,_,_,0,
results in further reduction of the sequence-fault and other
defect formation energies as suggested by available
experimental reports of, for example, a gquasi-random
stacking sequence in Li; ,Nig,MngO, [32], monoclinic
inclusions within a P3;/2 matrix in LiNigsMngsO, [24],
and the appearance of cubic rock salt structure Fe-rich
nanodomains in Li; ,Mng 4Feq 4O, [18].

Summary

The crystal structure of high-purity Li,MnO3 samples was
examined by XRD and electron microscopy. Rietveld
refinement indicated that the C2/m spacegroup provided
the best fit for the XRD data. Electron diffraction patterns
obtained along various zone axes, on defect-free oxide
particles, could be uniquely indexed to the monoclinic
structure. HREM and HAADF images of defect-free grains
were consistent with a Li-Mn—Mn- arrangement, i.e.,
lithium ordering in the TM planes. Low-magnification
TEM images occasionally revealed stacking defects within
oxide particles. These planar defects induced a part of
P3,12 Li,MnOj; locally within the parent C2/m structure.
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