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Atomic Structure of Li,MnO; after Partial Delithiation

and Re-Lithiation

Rui Wang, Xiaoging He, Lunhua He, Fangwei Wang, Ruijuan Xiao, Lin Gu,*

and Liquan Chen

Li,MnO; is the parent compound of the well-studied Li-rich Mn-based
cathode materials xLi,MnOj3:(1-x)LiMO, for high-energy-density Li-ion bat-
teries. Li,MnO; has a very high theoretical capacity of 458 mA h g for
extracting 2 Li. However, the delithiation and lithiation behaviors and the
corresponding structure evolution mechanism in both Li;MnOj3; and Li-rich
Mn-based cathode materials are still not very clear. In this research, the
atomic structures of Li,MnO; before and after partial delithiation and re-
lithiation are observed with spherical aberration-corrected scanning transmis-
sion electron microscopy (STEM). All atoms in Li;MnOj; can be visualized
directly in annular bright-field images. It is confirmed accordingly that the
lithium can be extracted from the LiMn, planes and some manganese atoms
can migrate into the Li layer after electrochemical delithiation. In addition,
the manganese atoms can move reversibly in the (001) plane when ca. 18.6%
lithium is extracted and 12.4% lithium is re-inserted. LiMnO, domains are

Hong Li,*

a common and unique feature compared
to previous layered compounds: a voltage
plateau appears at 4.5 V vs. Li*/Li during
initial charging, which is exactly similar
to the delithiation behavior of standalone
Li;MnO;." Therefore, it is plausible that
the parent compound Li,MnO; plays a
very important role and a clear under-
standing on its delithiation and lithiation
mechanism should be helpful to clarify
the complex behaviors of the Li-rich
Mn-based layered materials and realize
rational design.

The layered structure of Li,MnOj; is
derived from rhombohedral o-NaFeO,
with Li and Mn occupying the Na and
Fe sites respectively. Unusually, one-
third of the positions in the Mn-plane are

also observed in some areas in Li; ;MnO; at the first cycle. As for the posi-
tion and occupancy of oxygen, no significant difference is found between

Lim;MnO; and LizM n03.

1. Introduction

Lithjum-ion batteries with high energy densities are highly
desired.'?l In 2001, Thackeray and Johnson proposed a mate-
rial with composite structure in which a layered Li,MnO; com-
ponent is structurally integrated with either a layered LiMO,
component or a spinel LiM,0, component (M = Mn, Ni,
etc.).3712 It has been demonstrated that nearly 1 mol of lithium
can be extracted from this kind of Li-rich Mn-based layered
material, corresponding to capacities of 250-300 mAh g1.34
Based on the estimation, Li-ion batteries using this type of
cathode could approach energy densities over 300 W h kg™,
much higher than the 220 W h kg™ of the best Li-ion batteries
using LiCoO, as cathode.>'3! This family of Li-rich Mn-based
layered materials has attracted wide attention. In spite of their
varied microstructure and composition, these materials have
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replaced by Li to form an ordered LiMn,
slab. The LiMn, stabs and the Li inter-
slab layers stack into the C2/m structure,
so that the chemical formula of Li,MnO;
can be written as {(Lil/Z)ZC(Li1)4h}Xinterslab
{(Li12) 26(MnN1) 46} e1ab(01)4i(O2)sj, in which the subscripts 2c, 4h,
2b, 4g, 4i, and 8j are the lattice sites occupied by the atoms
in the round brackets.'>'8 In earlier literature, the Li,MnO,
structure has been determined and the parameters of the cell
are Guyon. = 4.937(1) A, byon. = 8.532 A, cpop = 5.030(2) A, and
B = 109.46(3)°. Lithium ions occupy the 2b (0, 1/2, 0), 2c (0,
0, 1/2), and 4h (0, 0.6606(3), 1/2) sites, manganese ions the
4g (0, 0.16708(2), 0) site, and oxygen ions the 4i (0.2189(2), 0,
0.2273(2)) and 8j (0.2540(1), 0.32119(7), 0.2233(1)) sites.”

For LiMn,0,4 and LiMnO,, the electrochemical capacities and
charge transfer originate from Mn**/Mn*" redox reactions. It is
generally believed that Mn cannot be oxidized beyond +4 in an
octahedral oxygen environment.'>?% In this sense, Li,MnO3, in
which Mn has a valence of 4+, were considered electrochemi-
cally inert. However, Kalyani et al. demonstrated that Li,MnO;
could be activated electrochemically, rather than by acid treat-
ment.2!l The reported capacities of Li,MnO; depend on syn-
thesis conditions and test conditions.'*21-24 Several mecha-
nisms have been proposed to explain the unusual delithiation
behavior of Li,MnO;, such as oxygen deficiency in the raw
material,’®®! simultaneous removal of Li and 0,228 Li*/H*
ion exchange,””?’! etc. The valence state of Mn is believed to
remain 4+ during the charge process.'#?7-2%1 All these proposed
mechanisms are helpful to understand experimental phe-
nomena. However, several questions about structure variation
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and charge compensation need further clarification: i) can
lithium in both the LiMn, and Li planes be extracted? ii) how
does the lattice rearrange after lithium removal? iii) will the
lattice vary irreversibly after the first delithiation? iv) by what
is the charge compensated for the removed Li ions? and, v) at
which depth of the delithiation process does the oxygen start to
release? The first three questions are related to the variation of
the crystal structure. The last two questions are related to the
variation of the electronic structure.

Recently, spherical aberration-corrected scanning transmis-
sion electron microscopy (STEM) techniques have been greatly
developed and direct observation of light atoms has become
realistic.?%3% In particular, aberration-corrected annular-bright-
field (ABF) transmission electron microscopy provides feasible
access to the atomic structure at sub-angstrom resolution. In
this technique, the contrast of the micrograph is proportional
to ZY3 (Z is the atomic number.), which has an extra high sen-
sitivity to light atoms, capable of resolving Li ions at atomic
resolution. Detailed discussions on the mechanism and experi-
mental conditions can be found elsewhere.3337] Several groups
have investigated the structure of Li,MnOjs by this kind of high-
resolution TEM experiment.'>'¢l However, to our knowledge,
the atomic scale microstructural changes of LiMnOj; after del-
ithiation and re-lithiation have not been reported, which are
essential to understanding the reaction mechanism.

In this work, pristine, partially delithiated, and re-lithiated
samples of LiMnO; are investigated by spherical aberration-
corrected scanning transmission electron microscopy (STEM)
and neutron diffraction experiments, aiming to clarify ques-
tions i-iii above.

2. Experimental Section

Preparation and Characterization: Li,MnO; powders were pre-
pared by a solid-state reaction with LiOH-H,0 (AR, Sinopharm
Chemical Reagent Co., Ltd) and MnCO; (AR, Sinopharm
Chemical Reagent Co., Ltd) as precursors. The starting mate-
rials were ball-milled in ethanol for 6 h and then dried. The
resulting precursors were calcinated in air at a ramp rate of
about 4 °C min™' to different final temperatures from 400 to
800 °C. Samples were brought back to room temperature by
furnace cooling.

Two chemical delithiation methods were performed. The
first method is to extract Li ions with H,SO, under hydro-
thermal conditions. A Li;MnO; sample (0.1 g) was added to an
H,SO, solution of a certain concentration. The added amount
of H,SO, correponds to mole ratios of H* in the solution to
Li* in the Li,MnOj; of 0.25, 0.5, 0.75, and 1.0. The mixtures
were heated in an autoclave at 140 °C for 72 h. After hydro-
thermal treatment, the solids were filtered, washed with dis-
tilled water, and then dried at 80°C overnight. These samples
were examined using STEM. The second method is to extract
Li ions with nitronium tetrafluoroborate (NO,BF,). In a typ-
ical process, Li,MnO; (150 mg) was immersed in a solution
of NO,BF, (50 mlL) acetonitrile. The solution was stirred for
24 h with purified Ar gas bubbling at room temperature. The
mixture was centrifuged and washed three times with acetoni-
trile before drying under vacuum. In our experiment, excess
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NO,BF, was used. The molar ratio of Li and Mn was detected
with the inductively coupled plasma (ICP) method.

Powder X-ray diffraction data were collected on an X'Pert
Pro MPD X-ray diffracter (Philips, Holland) using Cu Ko radia-
tion (A = 1.5406 A). Aberration-corrected annular-bright-field
scanning transmission electron microscopy was performed
using a JEOL ARM 200F (JEOL, Tokyo, Japan) transmission
electron microscope operated at 200 keV. The attainable reso-
lution of the microscope is defined as 0.8 A with the corre-
sponding illumination and collection angles of 25 mrad and 12
to 25 mrad, respectively. The probe current was kept less than
10 pA; so that possible radiation damage can be well restricted.
The contrast of the ABF micrograph is proportional to Z'/3 (Z
is the atomic number), which has an extra high sensitivity to
light atoms, capable of resolving Li ions at atomic resolution.
Detailed discussions on experimental conditions can be found
elsewhere.}337] Neutron powder diffraction experiments were
peformed on the time-of-flight diffractometer POWGEN at the
Oak Ridge National Laboratory, TN, USA. Samples were loaded
in 6 mm vanadium cans and patterns were collected at room
temperature with centre wavelengths 1.066 A. Rietveld refine-
ments employed the GSAS software with EXPGUI interface.

Electrochemical measurements were taken as follows. The
Li;MnO; powder electrodes were composed of the Li,MnO;
powder, carbon black, and PVDF at a weight ratio of 80:10:10.
Al foil was used as current collector and the electrode area was
0.64 cm? (8 X 8 mm). The electrochemical experiments for the
powder electrodes were performed using Swagelok-type two-
electrode cells. The electrolyte was 1 M LiPF; dissolved in eth-
ylene carbonate (EC) and dimethyl carbonate (DMC) with a
volume ratio of 1:1 (Shanghai Topsol Ltd., H,O < 5 ppm). The
cells were assembled in an argon-filled glove box and cycled
using a Land automatic battery tester. After cycling, the cells
were taken back into the glovebox and disassembled. TEM sam-
ples were prepared by dispersing the electrode materials on
holey-carbon films. These films were sealed with a homemade
bag and opened just before the TEM examination.

3. Results and Discussion

3.1. Characterization and Electrochemical Performances
Of LizM |103

XRD patterns of the Li,MnO; powders calcinated at different
temperatures are shown in Figure 1. All the reflections can be
indexed in the monoclinic system using the space group C2/m.
All the peaks become sharper when the preparation tempera-
tures increase, indicating an improvement of the crystallinity.
Li,MnO; has a layered structure with alternating Li layers and
transition metal (TM) layers separated by oxygen layers. Earlier
reports have claimed that the superlattice peaks between 20°
and 30° are related to the ordering of Li/Mn in the TM layers
and the stacking faults.'*18401 Compared with their results,
there are more stacking faults in our samples because of the
lower preparation temperatures. In this case, only some of the
superlattice peaks can be seen. But it can still be observed that
the samples prepared at lower temperatures have much broader
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Figure 1. XRD patterns of the Li,MnO3; powders calcinated at different
temperatures. The 20 values are according to a Cu Ko wavelength
(A=1.54A).

superlattice peaks, which means there are more stacking faults
perpendicular to the layered (001) direction.

The initial charging and discharging curves of Li,MnOj; syn-
thesized at different temperatures in the range of 4.8-2 V are
shown in Figure 2. All the electrodes were cycled with a rate of
10 mA g! at room temperature. As can be seen, the charging
and discharging profiles are similar, exhibiting a plateau at
approximately 4.5 V on charging and then a sloping curve on
discharging. However, the specific capacity depends strongly
on the temperatures used to synthesize the Li,MnO; samples.
Li,MnO; prepared at lower temperatures exhibit much higher
charge and discharge capacities. Yu et al. proposed that this
phenomenon may be related to the thermodynamic properties
of materials. There are more stacking faults and other defects
in the materials calcinated at lower temperatures, which would
increase the energy state of the materials and lower the activa-
tion barrier for Li diffusion.[¥

3.2. STEM Images of Li,MnO; after Electrochemical Treatments

Since the Li;MnOj; prepared at 800 °C has the best crystallinity
among all the five materials, it is favorable to obtain high-
quality images in the STEM experiments. It should be men-
tioned that the initial charge capacity of Li,MnO; synthesized
at this temperature is about 85 mA h g!, which corresponds
to a nominal composition of Li; 4sMnOj3. The voltage profile of
the samples prepared at different temperatures are actually very
similar. Therefore, it is believed that, although the capacity and
delithiation depth for the Li,MnO; prepared at 800 °C are rela-
tively low, the observed results should represent similar struc-
ture evolution mechanisms.

The primary particle size of this material ranges from several
tens of nanometers to a hundred nanometers, and secondary par-
ticle size is about 400-500 nanometers. Figure 3 shows a typical
ABF image of pristine Li,MnOs annealed at 800 °C along the [110]
orientation, and the inset picture illustrates the corresponding
atomic arrangement in the unit cell. It can be seen clearly that the
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Figure 2. The first cycle charging (delithiation) and discharging (lithia-
tion) curves of Li,MnO; prepared at different temperatures. The electrode
area was 0.64 cm?. Current: 10 mA g™,

sample shows a high degree of crystallization and shares a layered
structure. The image shows a pattern of two darker columns fol-
lowed by a brighter column. This pattern is the direct imaging of
the LiMn, planes. In the Li,MnO; crystallographic structure, the
LiMn, planes have an ordering in the cation arrangement. When
viewed along the [110] orientation, the LiMn, planes appear as a
repeating sequence of two manganese columns and one lithium
column and the expected intercolumnar distance is 0.14 nm,
which is consistent with our results shown in the ABF image.
However, it should be mentioned that two different areas
with different structures can be seen (marked as areas A and
B). In area A, the stacking of the LiMn, planes are sequential

«Ln

i ghretrgtrgiretrod 2ot ~ybrylregdey

Figure 3. ABF electron micrograph of Li;MnO; synthesized at 800 °C
viewed along the [110] orientation (inset: illustration of the atomic con-
figuration in a unit cell of Li;MnO3.).
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Figure 4. a) ABF electron micrograph of Li,MnO; charged to 4.8 V. b) The corresponding line profiles from the ABF images.

along the ¢ direction, clearly revealing the C2/m structure.  of LiMn, planes at different places. Line 3 reveals that nearly
In area B, two successive planes connected by red lines are  all the lithium of LiMn, planes remain; Line 2 reveals that
sequential, and these two planes constitute the elementary unit. ~ some of the lithium atoms at this site have been extracted;
However, there is a plane shift between every two units, which ~ Line 1 shows that all the lithium atoms at this site have been
seems to form a superstructure. The XRD patterns in Figure 1  extracted. This result indicates that the delithiation occurs
show that the observed superlattice peaks between 20° and 30°  inhomogeneously even at different atomic columns at a scale
of the Li,MnOs; synthesized at 800 °C are still broad, implying  of 1-2 nm. Since the sample for ex situ STEM investigation
that the crystallinity of this sample is yet not perfect. Obviously,  approached an equilibrium state, an inhomogeneous distribu-
the STEM images provide more detailed local structure infor-  tion of lithium within the Li; ;3;MnOj lattice could be thermo-

mation compared to the XRD pattern. dynamic stable or at least metastable; this needs further theo-
The structure of the B area can also be understood in another  retical clarification.
way. The structure of Li,MnO; has been investigated by several ABF electron micrographs of the Li;MnOj at the initial state

groups.#l Based on their definitions, the C2/m structure  and after electrochemical treatments are compared in Figure 5.
Li,MnO; can be described as a stacking sequence of A1B1C1.  Figure 5b shows the atomic structure of Li,MnOj; after being
Obviously, the B area has a different stacking sequence. If we  charged to 4.8 V, and Figure 5c¢ shows Li,MnOj; at the state of
presume that the O atoms in the B area adopt cubic close-  being discharged to 2 V after being charged to 4.8 V. Three phe-
packing, transitional metal may have the stacking sequence nomena can be deduced from these results.
A1B1C2A2B3C3. As a result, the symmetry has been changed Firstly, a new kind of stacking sequence (marked by the
and the space group has also been changed. We checked several — green arrows in Figure 5b and c) has appeared following the
different parts of the material and found that the B area struc-  electrochemical reactions. Adopting this kind of stacking, con-
ture appears more often than the A area. Nevertheless, we still  secutive LiMn, planes with the same positions perpendicular to
call the material a C2/m structure with regular stacking faults.  a-b plane have appeared. Moreover, the stacking sequence has
For each elementary unit, the two LiMn, planes still arrange  become irregular. Jarvis et al. indicated that the preferred shear
with a C2/m configuration; between the two units, the LiMn,  direction is <110> in NaCl-like structures, so they introduced
planes seem to have the reverse arrangement. b/3[010] stacking faults to explain the stacking faults observed
Figure 4a shows an ABF image of Li,MnOj; charged to in their TEM images.*”! Here, considering the A1B1C1
4.8V, and Figure 4b depicts the corresponding line profiles  stacking, if the B1 layer has a stacking fault of —-b/3[010], then
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Figure 5. ABF electron micrographs of: a) initial Li;MnO3; b) Li;MnOj3 charged to 4.8 V; and, c) Li,MnOj3 discharged to 2 V after being charged to 4.8 V.
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it would appear like the B3 layer. When viewed along the [110]
direction, it will look like a O1 stacking, just as the stacking
sequence marked by green arrows.

Secondly, the spacing between consecutive LiMn, planes is
decreased during the charging and increased in the discharging
process (0.47 nm — 0.46 nm — 0.48 nm), which is clearly
indicated by the red arrows between each picture in Figure 5.
Actually, the STEM results obtained in this work verify previous
XRD results.' As is well known, in layered structure LiMO,,
the layer spacing along the c-axis will expand after lithium
extraction due to repulsion of the closed oxygen layer. It is sug-
gested that the contraction of LiMnOj; along the c-axis and the
expansion of the layered LiMO, after delithitation may cause
structural breakdown or cracking of Li-rich materials, which is
integrated by these two structure units.

The third discussion is related to the motions of lithium
in Li;MnOj; in the charge and discharge process. In Li;MnOs,
lithium at 2b sites makes up the LiMn, plane together with
manganese. In pristine LiyMnOs, the line profiles of LiMn,
plane (Line 1 in Figure 6a) show a repeating sequence of two
heavy atoms and a light atom with different image contrast.
This can be understood as the repeating sequence of two man-
ganese columns and one lithium column and is consistent with
the Li;MnOj; crystallographic structure viewed along the [110]
orientation. After electrochemical delithiation, the line profiles
of LiMn, planes only show the repeating sequence of two man-
ganese columns (see Line 1 and 3 in Figure 6b). This means
that the lithium at the 2b site has been extracted completely
in these two lines at this state. Then, after discharge, the line
profiles (Line 1 in Figure 6c) show the 2b site is again occu-
pied by reinserted lithium. To sum up, lithium at the 2b site is
extracted after the charge and re-inserted after the discharge.

Lithium atoms at the 2c and 4h sites in Li,MnOj; constitute
the Li planes. In Figure 6a, Line 2 taken along the lithium

www.MaterialsViews.com

plane clearly shows the existence of lithium. And the image
contrast of the lithium are nearly the same, which means the
occupation of lithium at these sites are uniform. After electro-
chemical delithiation, the image contrast profiles of Li layers
become more complicated. As shown in Line 2 and Line 4 in
Figure 6b, some grey spots remarked by blue circles appear.
These spots are compared to or even more obvious than the
O below and above. This can only be caused by the occupancy
of Mn with strong contrast. The positions of these spots are
just in the middle of the two consecutive Mn planes below
and above. These sites are the octahedral sites previously occu-
pied by Li. In pristine Li;MnOj3, no such obvious spots are
obsered. Therefore, Mn should migrate into these sites after
electrochemical delithiation. Looking close to these Mn, it can
be observed that they are arranged at regular intervals. And
these arrangement may indicate the possibility for converting
into the spinel phase. It is surprising to notice that the occu-
pancy of Mn in lithium layer disappears in the electrochemi-
cally re-lithiated sample. As shown in Line 2 in Figure 6c, after
the discharge, the contrast of profiles taken along the Li-plane
is almost the same, which means all lithium has been restored.
This implies that the cation mixing of Mn into Li layer seems
reversible at this early stage. LizMnO; can be described as
Li[Lig 33Mng46]O, and the delithiated sample Li; ;3MnO; can
be also be described as Li[LiyggMng 6]O,. Here we show these
notations because nominally there is still a significant amount
of Li present in the transition metal planes. However, the del-
ithiation process is not uniform, so some areas in which there
is no lithium left in the transition-metal planes are observed.
In order to understand the lithium extraction phenomena, we
performed DFT simulations on this issue; the results are pre-
sented elsewhere.*¥! Based on the simulation results, both Li
in the Li layers and the LiMn, layers are extractable during the
charging process. The sequence of Li removal is suggested as

o L1 2b vacan. o Mn in Li layer
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Figure 6. Pictures and corresponding line profile of changes of Li ions in Li,MnOj after electrochemical lithiation and delithiation: a) pristine Li,MnO3;
b) Li,MnO; charged to 4.8 V; and, c) Li,MnOj; discharged to 2 V after being charged to 4.8 V.
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follows: Li at 4h (in Li layer) and 2b (in LiMn, layer) sites are
extracted with a ratio of 2:1 until the formation of Li; ;sMnOs3,
then all the remaining Li at the 2b sites are removed until a
total of 1 mol Li is extracted.

In our discussion above, we have observed some Mn atoms
migrated to the Li-layer after the initial charge. As to the a-b
plane, we have also observed that the manganese atoms move in
the (001) plane after charging and retreat to their pristine sites
after discharging. As shown in Figure 7, in Li;MnO;, lithium
and manganese are all arranged in the octahedral sites and
oxygen planes are placed between Li and LiMn, planes. When
viewed along the [110] orientation, oxygen columns can be seen
above and below the lithium and manganese columns, approxi-
mately (see Figure 3a). This phenomenon can also be seen
clearly in our ABF image. In Figure 7a and c, the blue dotted
lines clearly show the positions of all the lithium, manganese

www.advenergymat.de

and oxygen coincide in the vertical direction. However, the situ-
ation changes for the sample charged to 4.8 V. In Figure 7b, the
dotted lines drawn across the manganese vertically do not pass
through the lithium and oxygen. This indicates the manganese
atoms swing in the (001) plane after charging and then get back
to their pristine sites after discharge.

In addition, some other phases have also been observed
for the same sample; these are depicted in Figure 8. In the
A area of Figure 8a, the layered transition metal LiMn, layer
has a changed structure with a complete manganese layer.
This means that the layered LiMnO, is also formed locally.
In addition, some areas having different structure are also
found. Details are shown in Figure 8b. The D area is the ideal
delithiated Li,MnOs, but it is obvious that the C area nearby
has a different structure, which we could not determine. It is
obviously not Li,MnOj; or LiMnO,, but somehow like LiMn,0y,,
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—l 2 .o o S e 2 S
— $ ¢ S o3 o & 2o o
—- ~ | AAA A AA s ~d 2| O plane
— : —
= S . . . . . . . . . . @
z [ A A AAAAAA A| LI plane
E
E A i A A A AA| O plane
e e e e
VIRV AV YN/ | LiMn plane
0.0 * : 0..4 : .0:8- : 1?2 * .16
Distance (nm)
ot - s LiMn plane
— : - t . :
—_— g Y 8 T
— A2V AR AN VIV o O plane
— 3 Ol L NG
e ~ . ° ° ° . ° .
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S = S$4%a% Distance (nm)
w'.",""_"“!" £l £d i i d v v M v
— /YN /H | LiMn plane
—_— ettt
—_— 3 oAb nA RA 4| O plane
— 4L T T T rf T )
2 A A A A AA | LI plane
c a a al a P a 4 a a
] ° ° ° . ° ° ° . ° °
A AL At s A~ O plane
——e e e T
: . . : : . QA . . LiMn plane
* - (:4 * .0:8. * 1?2 - .1.6

Distance (nm)

Figure 7. Line profiles of LiMn;, plane, O plane, Li plane, O plane, and LiMn; plane in Li,MnO; samples at three different states: a) pristine Li,MnO;;
b) Li,MnO; charged to 4.8 V; and, c) Li,MnO; discharged to 2 V after being charged to 4.8 V.
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Figure 8. ABF electron micrographs of Li,MnO; charged to 4.8 V. Dif-
ferent structures can be seen in different areas.

since it appears to belong to an orthorhombic or cubic crystal
system. Earlier literature has reported that Li,MnO; may
transform into LiMnO, and LiMn,0, after electrochemical
cycles.14234344] I our results, some small areas with structures
not belonging to Li,MnOj; are observed. It should be mentioned
these domains are very localized, and could not be detected by
bulk-level methods, such as XRD or neutron diffraction. But
they may act as nucleation seeds for further growth during the
electrochemical cycles. Both thermodynamic and kinetic calcu-
lations are needed to clarify this important issue. If the above
local phase transition is driven by intrinsic thermodynamic
factors and is irreversible, then the voltage fading problem for
Li-rich Mn-based layered materials may not be solved easily.
Comprehensive investigations still need to be done in this
area, especially in the regions near the new structure areas, to
understand the detailed evolution and nucleation of new phases
in their early stages.

3.3. STEM Images of Li,MnOj; after Chemical Delithiation

Due to the poor electrode kinetic properties of Li,MnO; syn-
thesized at 800 °C, further chemical delithiation was also
performed on this sample to extract more lithium. A sulfuric
acid hydrothermal chemical delithiation method was applied
following the report by Tang et al.*’l This method has the
limitation of proton exchange but can delithiate completely.
ICP experiments were conducted to determine the chemical
compositions of the samples. Four samples with different Li/
Mn ratio were obtained: 1.5:1, 1.0:1, 0.5:1, and 0.07:1 for sam-
ples I, II, III, and IV, respectively. XRD patterns of the four
samples are depicted in Figure 9. It can be seen clearly that
the monoclinic structure of Li,MnO; was preserved as a main
phase of the samples I, II, and III. The main peak of Li,MnO;
(001) plane locates at d = 0.475 nm, but all the samples I, II,
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Figure 9. XRD patterns of the Li,MnO; powders with different chemical
delithiation states. The 20 values are according to a Cu Ko wavelength
(A=1.54 A).

and III have a strong peak at d = 0.460 nm. Tang et al. claimed
that this peak can be ascribed to the monoclinic phase with
small lattice parameters perpendicular to the (001) plane.*] As
to sample 1V, it can be seen clearly that the sample has a com-
posite structure of -MnO, (JCPDS card 44-0141) and »MnO,
(JCPDS card 14-644). Earlier reports suggested that the full
lithium extraction brings about a structural change from the
monoclinic phase to hydrated o-MnO, or f-MnO,-like phase
or ¥MnO,.#IThe samples I and IV are chosen for STEM
experiments and their ABF images are shown in Figure 10
and 11, respectively. It can be seen clearly that the sample I
still shares a layered structure. It can be recognized that at this
extraction state of lithium ions, a large proportion of the Li
ions at 2b sites have been extracted. This indicates further that
absence of lithium in the LiMn, layer seems favorable, in con-
trast to an impression that the existence of Mn may block the
extraction of lithium. A detailed theoretical discussion about
the lithium extraction paths and corresponding energy barriers
will be clarified elsewhere with the help of molecular dynamic
simulations.*®!

For sample 1V, the situation is more complicated. Firstly, it
is a composite of -MnO, and $MnO,, and, secondly, »MnO,
itself has a complicated composite structure. De Wolff pro-
posed that +MnO, has a random intergrowth of the pyrolusite
and ramsdellite structures.*?! Chabre and Pannetier introduced
the concept of microtwinning to better explain the charac-
teristically broad and diffuse diffraction peaks in MnO,."
Later, Wu et al. found that -MnO, hexagon-based structures
were made of &MnO,, f-MnO,, and ramsdellite.>"] In our ABF
images, we do observe some different structures, although
we are not able to distinguish and separate them, as shown
in Figure 11. The structure shows a distorted hexagon phase.
Three of the vertexes are darker dots; the other three and the
central point are lighter dots. For the atomic arrangement, the
(001) face of &MnO,, the (010) face of f-MnO,, and the (010)
face of ramsdellite all show a structure like Figure Figure 11a.
The distorted hexagon may result from microtwinning. In spite
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Figure 10. a) ABF electron micrograph of the chemically dethiated sample with the Li/Mn ratio of 1.52:1. b) The corresponding line profiles from the
ABF images.

of the difficulty of distinguishing the phase,
we did observe directly an MnO, phase in
the chemically delithiated Li,MnOs.

(a);

3.4. Neutron Diffraction Spectra of
Chemically Delithiated Li,MnO;

STEM images provide local structure infor-
mation. Neutron diffraction experiments
were also performed to understand the struc-
Figure 11. a) lllustration of the atomic configuration of :MnO, viewed in the direction of [010].  ture of Li; , MnOj; (x = 0, 0.25) at a bulk level.
b) ABF electron micrograph of the chemically delithiated sample with Li/Mn ratio of 0.07:1. Figure 12 shows the observed and refined
data of neutron diffraction pattern; the fit-
ting pattern is statistically in agreement with
the recorded one. In the refinement, we first
deal with the scale factor, the background

. . Sample:natural function, the diffractometer zero point, and
- Li,MnO,(800 "C) abundance the unit-cell parameters, then the profile
of Lithum function, the atomic coordinates, and the

Room temp. data isotopic thermal factor, and, finally, the occu-

pancy of Li ions. From the refined results
[ l ﬁ Ja‘ (Table S1 in the Supporting Information), it
—h can be seen that the lattice constants in the a-

> |
:ﬁ L \ ' R A S and, b-directions increase after chemical del-
3 . ithiation, but that in the c-direction decreases.
S r : Chemical Delithiation Overall, the volume of the unit cell almost
- Li, ,,MnO, stays constant for Li; ;sMnOs (correspondi

- Fitting with A 175 3 ponding

GSAS to 64 mA h g! charging capacity). It should

~ software be noted that for the delithiated compound
K Li; 7sMnOs, even if the occupancies of all
Adn three Li ion sites are fixed to 1.0, the agree-

- Ny T———— ment between the computed and observed

L | L | L | L | L | L | L patterns is already good with R, = 7.2% and

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 Ry, = 4.4%. We released to refine all the Li-
d-space site occupancies, and found that the Li(2b)

occupancy became over 1.0; therefore, this

Figure 12. Neutron diffraction patterns of Li,MnO; before and after chemical delithiation. parameter is fixed in the final refinement.
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With this treatment, the occupancies of lithium for the 2c and
4h sites are 0.7 (+0.3), and 0.9 (+0.1), respectively, resulting in
a Li concentration of 1.75 (+0.27), consistent with the starting
stoichiometric ratio. The R-factors improve slightly to R, =
6.9% and Ry, = 4.1%. Furthermore, for Li; ;sMnO;, the iso-
tropic thermal vibration factors of lithium atoms at the 2c, 4h,
and 2b sites are considerably larger than Mn and O, implying
a mobile characteristic of Li atoms. The thermal factor of Mn
atoms is slightly larger than that of O atoms, which probably
means that the Mn atoms are more mobile than O atoms.
This simulation result is consistent with our results from the
STEM images. More reliable data about the diffusion trajec-
tory and the isotropic thermal vibration factors will be further
checked by high-temperature neutron experiments in the
near future.

4. Conclusion

In this paper, the structures of pristine, partially delithiated,
and lithiated Li,MnO; were studied mainly by ABF-STEM
experiments. Based on the results, a number of conclusions
can be drawn:

i) Stacking faults exist in the initial Li,MnOs.

ii) Lithium extraction is not uniform; lithium can be extracted
from LiMn, planes and reinserted in localized regions.

iii) Mn can be migrated into the Li layer after electrochemical de-
lithiation and can swing reversibly in the (001) plane during
delithiation and lithiation.

iv) Oxygen seems to keep stable for delithiated sample of
Li1.63MnO3.

v) LiMnO, and some new domains are formed in some areas in
delithiated sample of Li; (;MnOj in the first cycle.

vi) Li;MnOj3 can be converted into MnO, after a complete chemi-
cal delithiation.

To summarize the relationship of the conclusions and the
questions in the introduction part: conclusion ii answers ques-
tions i, and conclusions i, iii, and v answer questions ii and iii.
The conclusions describe the structural changes of Li,MnO,
samples occurring at a relatively shallow electrochemical del-
ithiation level. Further investigation on Li,MnO; after deeper
delithiation, where oxygen may be released from the lattice,
will be more interesting and are planned in order to achieve
a complete understanding of its crystal structure evolution
mechanism.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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