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ABSTRACT: For the intercalation type cathode in lithium-ion
batteries, the structural framework of electrode is expected to remain
unchanged during lithium insertion and extraction. Unfavorable phase
transition in electrode materials, which has been frequently observed,
modifies the structural framework, which leads to capacity loss and
voltage decay. Here, we track atoms motion/shift in lithium
manganese oxide during a phase transition from spinel to rocksalt
by using atomically resolved aberration corrected scanning trans-
mission electron microscopy and spectroscopy. We find that when
given energy, the transition metal cation can readily hop between
oxygen tetrahedral and octahedral sites in oxygen deficient lithium
manganese oxide similar to lithium diffusion behavior, which leaves
the anion structure framework almost unchanged. During this phase
transition, the intermediate state, migration length, and atomic structure of phase boundaries are revealed, and the mechanism is
discussed. Our observations help us to understand the past experimental phenomena and provide useful information to stabilize
the structure of electrode materials and thus improve the cycling life of lithium-ion batteries.

■ INTRODUCTION

In rechargeable lithium-ion batteries (LIBs), the host cathode
material containing transition metal (TM) is expected to retain
its structure framework during lithium insertion and extraction.
However, many studies suggested that during electrochemical
cycling the TM ions could also become active and move
around1−19 to form new structures or phases. Such unfavorable
structure change or phase transition likely slows down the
lithium diffusion or even blocks the diffusion channels, which
subsequently have attributed to the capacity fading or voltage
decay.7,8,12 Especially in the manganese-containing cathode
materials, the phase transition between layered, spinel, and
rocksalt structures, which only involves TM and Li rearrange-
ments but leaves anions sublattice structure framework almost
unchanged, has been frequently observed on the surface or in
the bulk upon electrochemical reactions.3,5−19 By using X-ray
absorption spectroscopy (XAS), Park et al. found that in
layered LiMnO2 the Mn ions can migrate to interlayer positions
during lithium insertion and extraction and proposed that such
a structure change accounts for the capacity loss.7 Wagemaker
et al. studied the LiMg0.1Ni0.4Mn1.5O4 spinel structure by using
X-ray diffraction (XRD) and neutron diffraction (ND) and

suggested that both Ni and Mn can migrate up to ∼10 nm in
distance, which strongly influences on the cycling behavior.8

More recently, similar structure change has been observed in
various cathode materials, and similar mechanism involving Mn
migration has been suggested by many groups based on the
aberration corrected scanning transmission electron microscopy
(STEM) observations of electrode materials (in particular on
the surfaces) cycled at different charge/discharges
states.9−11,13−19 The high mobility of Mn ions originating
from the low activation energy, for example, 0.2 eV for Mn
migration in LixMnO2, was reported by Reed et al. based on ab
initio calculations.20 Such a barrier height is even lower than
typical barriers for Li diffusion in many cathode materials
including LiMn2O4 (refs 21 and 22). Despite extensive studies
on the configuration of reconstructed structures in cathode
materials at electrochemical equilibrium states, during the phase
transition, the TM cation migration path, intermediate state,
migration length, and atomic and electronic structures of phase
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boundaries, however, are still largely unknown. Revealing these
details during structural changes is vital to understand why the
electrodes fail and thereby how we can improve them.
Here we study the dynamic process of the phase transition

from spinel to rocksalt in lithium manganese oxide LiMn2O4−δ
(LMO, δ ≈ 0.1, δ denotes oxygen deficient and oxygen vacancy
concentration was determined by heat capacity measurement
described in the Experimental Section). We choose the oxygen
deficient cathode material because previous calculations
suggested that the oxygen vacancy can reduce the barrier for
Mn diffusion and thereby facilitate the phase transition.14 This
theory seems in good agreement with experimental results that
structure reconstructions commonly occur at the surfaces of
oxide electrode materials (refs 3, 9−11, 13, 15, 17, 19, and
literature therein) where formation energy of oxygen vacancies
is typically lower. Therefore, the chosen oxygen deficient LMO
can closely represent the structurally active surface of cathode
materials in practical batteries and give us more precise
knowledge on the relation between structure and properties.
To monitor the atom motions during phase transition, electron
probe in aberration corrected STEM operated at 200 kV or 300
kV was focused on a small thin region of LMO particle to
provide energy to overcome the diffusion barrier via electron−
atom elastic collision mechanism to drive the phase transition
(see Supporting Discussion for details). This technique, atoms
gaining energy from electron probe to overcome barriers for
diffusion, has already been widely used to study dynamics of
single dopant and defects motion23,24 and phase transition in a
variety of material systems.25−29

We find that the phase transition from spinel to rocksalt in
LMO involves tetrahedral coordinated Li migrates to the
neighboring face-shared empty octahedron, Litet → Lioct (the
subscript “tet” denotes an occupation site of oxygen
tetrahedron, and “oct” denotes an occupation site of oxygen
octahedron hereinafter), whereas octahedrally sited Mn
migrates to the neighboring edged-shared empty octahedron
and passes through a tetrahedral site as an intermediate state,
Mnoct → Mntet → Mnoct. Meanwhile, the O slightly shifts to
high symmetr ic posi t ions , Olow s ymme t r i c p o s i t i o n →
Ohigh symmetric position, but the entire anion structure framework
remains basically unchanged. During phase transition, the
changes in chemical environments for Li and Mn are further
confirmed by the electron energy loss spectroscopy (EELS). In
addition, the phase boundary between the newly create rocksalt
and parent spinel matrix is ∼1−3 unit cells wide. Various
cationic configurations coexist in the phase boundary including
Litet, Livacancy, Lioct, Mntet, Mnvacancy, and Mnoct. Although the
spinel phase is usually considered as a stable structure, our
observations indicate that the TM atoms in the oxygen deficient
spinel cathode host can have similar diffusion behavior with
alkali-metal Li, leading to unfavorable structure modification
that likely degrades the performance of battery as the lithium
channels can be blocked by the unexpected TM cation
occupations. These results can help us to understand the past
experimental phenomena and also provide useful insights into
engineering of LIB electrode materials such as elemental
doping or surface modification to stabilize the TM structure
framework.

Figure 1. Evolution of atomic arrangements during phase transition from spinel to rocksalt in LiMn2O4−δ (LMO, δ denotes oxygen deficient). (a)
Selected continuous HAADF-STEM images showing the phase transition from spinel to rocksalt in LMO. The viewing direction is [110]spinel. The
unoccupied column 3 in spinel becomes occupied in the rocksalt. These selected frames are unit-cell averaged from a region of 5 × 5 unit cells to
reduce the noise. (b) Simulated HAADF-STEM image of spinel LiMn2O4 with thickness of 30 nm. The schematic is shown in the right. (c)
Simulated HAADF-STEM image of rocksalt LiMnO2 with thickness of 30 nm. The schematic is shown in the right. (d) Schematic showing
tetrahedrally coordinated Li in the spinel phase becomes octahedral sited in the rocksalt phase after phase transition. (e) Selected intensity-profiles
along the columns 1−2−1 direction indicated by black arrows in panel a. Orange: at 0 s (the 1st frame). Purple: at 12 s (the 7th frame). Green: at 50
s (the 26th frame). (f) Evolution of intensities of column 1 and 2 are plotted as a function of time. The values are averaged from four column 1 and
four column 2 in a single unit cell shown in Figure S2. The dashed lines correspond to the simulation values of LiMn2O4 with thickness of 30 nm.
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■ RESULTS AND DISCUSSION

Evolution of Atomic Arrangements during Phase
Transition. Selected continuous high angle annular dark-field
(HAADF)-STEM images in Figure 1a show the phase
transition from spinel to rock salt in LiMn2O4−δ along the
viewing direction of [110]spinel (the structure information is
listed in the Table S1). The atomic arrangements of spinel and
rocksalt phases in experimental images are in good agreement
with the simulated images in Figure 1b and c, respectively. In
the spinel structure, the Li is tetrahedrally coordinated (Litet),
whereas in the rocksalt, both Li and Mn are octahedral sited
(Lioct and Mnoct), as schematically displayed in Figure 1d. In
this viewing direction, the Mn density of column 1 in spinel
structure is twice of column 2, whereas in the rocksalt phase,
the density of all cation columns is the same. Upon phase
transition, the contrast of column 3 gradually becomes intense
(see Figure S1), the absolute intensity of column 1 is
significantly reduced, but the reduction of column 2 in intensity
is subtle in Figure 1e and f, suggesting partial Mn cations moves
from column 1 to column 3 (see also Figure S2) and Mn
density in column 2 remains almost unchanged. Besides, the Li
at the Li column (or referred as column 4 hereinafter), that is,
Litet, is supposed to uniformly distribute to columns 1, 2 and 3,
forming mixture of cations as all the cation columns in rocksalt
structure are equal in this viewing direction. However, since the

contrast in the (Li, Mn) mixture columns are dominated by the
relatively heavier Mn in the STEM images, Li motion cannot be
directly captured. On the other hand, because of the strong
Coulomb interaction between Li and Mn, the configuration of
Litet with two Mnoct neighbors is very unstable,1 further
confirming Mn rearrangement drives Li migration. Meanwhile,
the O columns also slightly shift away from the Mn column 1 to
higher symmetric positions upon phase transition, which is
clearly confirmed by simultaneously recorded annular bright-
field (ABF) images and simulations in Figure S3.

Evolution of Electronic Structures during Phase
Transition. Time-sequence electron energy loss spectra
(EELS, see also Figure S4) are also recorded to monitor the
evolutions of composition and chemical environments (in
Figure 2a) upon phase transition. The integrated intensity of
Li−K (in Figure S5) and Mn−M edges from the same spectra
in Figure 2b does not show any significant mass loss of Mn or
Li. The same conclusion is obtained from the integrated
intensity of Mn−L and O−K edges in Figure 2c. On the other
hand, for respective cations the change in chemical environ-
ments upon phase transition leads to the changes in the energy
loss near-edge fine structures. The prepeak of Mn−M edge
indicated by the arrow in Figure 2d becomes decreased after
150 s, corresponding to the change highlighted by the dark
circle in the 2D-EELS map in Figure 2a (see also Figure S6).

Figure 2. Time-sequence electron energy loss spectra (EELS) showing the chemical evolution during phase transition from spinel to rocksalt in
LMO. (a) 2D EELS maps showing the chemical evolution of Mn−M, Li−K, O−K, and Mn−L edges. The black circle highlighting a change in the
Mn−M edge during phase transition. The black arrows indicate the peaks shift in Li−K edge during phase transition. (b) Integrated intensities of
simultaneously recorded Li−K and Mn−M edges. Li proportion is also plotted as a function of time. No obvious mass loss in Li or Mn is observed
even after 600 s. (c) Integrated intensities of simultaneously recorded O−K and Mn−M are plotted as a function of time. No obvious mass change in
O or Mn is observed even after 1000 s, indicating only atomic rearrangements take place during phase transition. (d) Evolution of Mn−M edge
during phase transition. The pre-edge peak in Mn−M indicated by the arrow becomes less pronounced upon phase change. No obvious change is
observed after 150 s. (e) Evolution of Li−K edge. The left peak slightly shifts to right, and right peak slightly shifts to left during Litet → Lioct. (f)
Evolution of O−K edge and Mn−L edges. Upon phase transition, the small peak of O−K edge at ∼540 eV becomes less pronounced, and the left
shoulder of Mn−L3 edge becomes intense. No significant peak shift is observed.
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Generally, such disappearance of the prepeak is attributed to
the reduction of TM elements. Since no distinguishable loss of
anions is observed during the phase transition in Figure 2c, the
change in Mn−M edge should result from the rearrangements
of Li and Mn, for example, part of Mn atoms intermediately
stay at tetrahedral sites (we will discuss it again below). In
addition, Li migration from tetrahedral to octahedral sites may
also indirectly alter the interactions between Mn and O. In the
rocksalt phase the Lioct interacts with more negative charge than
Litet in the spinel structure and therefore less negative charge
interacts with the Mn after phase transition. After 150 s, no
significant changes in the edges are observed, suggesting no
further atomic rearrangements happens and the newly formed
rocksalt phase is stable. From the Li−K edge in Figure 2e, the
groove between two peaks becomes narrower and less invisible
as the left peak shifts to right and the right peak shifts to left.
Such peak shift is also visible in the 2D-EELS map in Figure 2a,
which is highlighted by the arrows. Since all the spectra are
precisely calibrated with the simultaneously recorded zero loss
peaks, these subtle peak shifts in the Li−K edge should come
from the Li chemical environmental changes instead of errors.
Such a change is a characteristic of Litet → Lioct, which was
suggested by previous experimental and simulated Li−K edges
in Li−Ti−O system.27 In O−K and Mn−L edges recorded

from another region, within the first 150 s, the small peak of
O−K (indicated by the arrow in Figure 2f) becomes less
pronounced, while left shoulder of Mn−L3 becomes more
intense. The later feature is also in good agreement in previous
X-ray absorption spectroscopy (XAS) study3 that suggested the
increased left shoulder of Mn−L3 is due to the formation of
rocksalt surface layer in LiNixMnxCo1−2xO2 during electro-
chemical cycling.

Intermediate Structures. During phase transition, the
intensity at Li columns (or column 4) in the HAADF image
becomes intense first and then fades away in Figure 1a. Figure
3a is the brightness/contrast and smooth adjusted HAADF
image at 8 s, in which the dashed black circles highlight that the
Li columns are partially occupied by heavier Mn ions (Mntet),
otherwise no bright contrast is expected from the Li columns as
Li is too light to be visible in Z-contrast image. At the end of
phase transition, the Z-contrast at the Li columns disappears
completely, indicating these partial Mn-occupation at Li
columns (Mntet) are only intermediate states during phase
transition. Previous ab initio calculation suggests the barrier for
Mn diffusion to adjacent tetrahedral sites could be quit low,
that is, ∼0.2 eV in the case of LixMnO2 in ref 20. As a result, at
the initial stage of phase transition within the first 8 s, partial
Mn atoms readily migrate into tetrahedral sites (Mnoct →

Figure 3. Intermediate structure and atom motion pathways during phase transition from spinel to rocksalt. (a) Brightness, contrast, and smoothness
adjusted HAADF image at 8 s (5th frame) in Figure 1a. At this stage, the increased intensity in Li columns (indicated by dashed circles) is due to the
occupation of heavier Mn. (b) A fast scanned ABF image showing occupation of Mn atoms at the Li columns indicated by the black thin arrows.
Labels are listed in the right insert. (c) Intensity line profiles along the XX′, YY′, and ZZ′ indicated in panel b. In the first diamond along XX′, the
column 3 is partially occupied, indicating a rocksalt configuration. In the fourth diamond along YY′, the left Li column is heavily occupied by Mn,
whereas the right one is almost unoccupied, indicating intermediate states with local ordering of Mn occupation and heterogeneity. In the eighth
diamond ZZ′, the two Li columns are almost evenly occupied by Mn. (d) A spinel cluster along [110]spinel direction. (e) Side view of the same
cluster. (f) Li jumps from the tetrahedral site to the neighboring empty octahedral site during phase transition. (g) Mn diffusion between octahedral
sites passes though a tetrahedral site as intermediate state. The viewing direction is [111]spinel. (h) A perspective view of spinel LiMn2O4 along [110]
direction and rock salt LiMnO2. In the spinel phase, the atom density of column 1 is twice of column 2. In the rock salt phase, the atom densities of
columns 1, 2, and 3 are the same. Original Li sites are no longer occupied in the rocksalt phase.
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Mntet), forming a Mn3O4-like structure. Such Mn3O4-like
structure, Mntet, also has been observed at the interface of the
LiMn2O4 thin films on Au substrate in our previous study.30 A
single fast scanned ABF image in Figure 3b contains both Mntet
and Mnoct configurations. The intensity line profiles plotted in
Figure 3c unambiguously show there is some local ordering of
intermediate Mntet. The structure in No. 1 unit cell is rocksalt-
like as the profile along XX′ shows only the middle column is
partially occupied. Along YY′ in No. 4 unit cell, the left Li
column is highly occupied by Mn whereas the right column is
barely occupied, and along ZZ′ in unit cell No. 8, the left and
right Li columns are almost evenly occupied by Mn, indicating
local ordering and heterogeneity in distribution. In addition,
both our previous observation30 and this study confirm that this
intermediate Mntet in Mn3O4-like structure can be stable,
although theoretical predication suggested that Mntet is
metastable in Li−Ni−Mn-O cathode.14

On the basis of these observations, the atom migration paths
during phase transition can be extracted for both of Li and Mn.
Figure 3d shows a small cluster of spinel LMO seen along
[110]spinel. These six Mn octahedron forms a loop, leaving an
empty octahedron in the center in Figure 3e. This empty
octahedron is also sandwiched by two Li tetrahedrons and
shares planes with the Li tetrahedrons and edges with the six
Mn octahedrons. Upon phase transition, Li jumps to the empty
octahedral site and leaves a Li vacancy at the tetrahedral site.
Indeed, during electrochemical reactions in LiMn2O4 electrode,
the Li diffusion from one tetrahedral site to anther also has to

pass through this empty octahedral site. The barrier for Litet →
Lioct is ∼0.5 eV (refs 21 and 22). For Mn motion path, since in
both spinel and rocksalt phases the Mn atoms are octahedrally
coordinated, one of these six Mn atoms jumps to the central
empty octahedron upon phase transition. Instead of a direct
jump, the Mn will first migrate to the neighboring tetrahedral
site (Mnoct → Mntet) as an intermediate state shown in Figure
3a and b. This intermediate Mntet shares faces with both the
original and empty octahedrons, as shown in Figure 3g. Along
the [110]spinel direction, the intermediate tetrahedral site
(Mntet) shares the same column with tetrahedrally coordinated
Li. As a result, the Li columns appear partially occupied by
heavier Mn at the initial stage of phase transition. This move,
Mnoct → Mntet, is fast as in Figure 1a; after 8 s, the contrast in
the Li columns (column 4) becomes weaker, indicating the
start of the second stage that Mn atoms move to neighboring
empty octahedral sites to form new rocksalt structure (Mntet →
Mnoct). The fast Mnoct → Mntet and relatively slow Mntet →
Mnoct have been predicted in LixMnO2 by ab initio
calculation.20 The atom motion is summarized in Figure 3h
with three-dimensional perspective view.

Phase Boundary. Another issue is the atomic structure of
phase boundary between spinel and rocksalt. Figure 4 is a
filtered HAADF-STEM image (see also Figure S7) containing a
precreated rocksalt phase domain that is highlighted by the
dashed white line. The matrix is the parent spinel phase, while
the core is rocksalt phase. A transition zone between these two
phases is considered as the phase boundary, which is rich in the

Figure 4. Atomic structure of phase boundary between newly formed rocksalt and parent spinel matrix. (a) Lower magnification of a HAADF-STEM
image containing a precreated rocksalt phase domain highlighted by the dashed white line. This image is filtered in Fourier space by removing low
and high frequency noises as shown in Figure S7. A transition zone between the dashed white and blue lines is considered as the phase boundary.
The right inset showing the phase boundary contains intermediate structure Mntet. (b) A selected atom row and (c) corresponding intensity line
profiles along long diagonal direction of diamond across the phase boundary. The intensity of column 3 becomes weaker far way from the rocksalt
phase center. At the phase boundary, that is, in the fifth, sixth, and seventh diamonds, the Li columns are partially and unevenly occupied by Mn,
indicating an intermediate states zone with local ordering and heterogeneity of Mntet. (d) Atomistic illustration of phase boundary between spinel
and rocksalt phases. The viewing direction is [111]spinel. Various structure configurations exist in the boundary including Litet, Livacancy, Lioct, Mntet,
Mnvacancy, and Mnoct. Cation vacancies and anions are not shown for clarity.
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intermediate structure of Mntet, as shown in Figure 4b and c.
The thickness of the boundary is ∼1−3 unit cells. Therefore, an
atomistic model of the phase boundary can be proposed in
Figure 4d, where various structures exist in the phase boundary
including Litet, Livacancy, Lioct, Mntet, Mnvacancy, and Mnoct.

■ DISCUSSION

Both spinel and rocksalt structures of Li−Mn−O systems have
the same ABC close-packed anions stacking sequence, and
therefore, the oxygen framework can remain basically
unchanged except subtle shift during a phase transition. In
this regard, we can consider both Li and Mn cations are
accommodated in the anion sublattice framework and the
cations can occupy different sites to form different phases. For
both Li and Mn atoms, their migration behavior is determined
by their respective diffusion barriers respect to external
excitations. Once the barrier for Mn migration is close to or
smaller than that for lithium diffusion, the Mn diffusion takes
place during electrochemical cycling, leading to formation of
unexpected new phases. Among of these structures, in the case
of oxygen deficient samples, the rocksalt phase with disordered
cations arrangements seems to be the most stable one as
rocksalt has been frequently observed in many cathode
materials (refs 1, 3, 9, 10, 19, and literature therein).
On the other hand, during electrochemical cycling, the

barrier for cation diffusion could be very different as the barrier
significantly depends on lithium concentration20 and neighbor-
ing cationic configurations,31 which suggest that the diffusion
behavior is very complicate in the real battery cells. Previous
calculation reported the typical barrier for Li diffusion is ∼0.5
eV in LiMn2O4 (refs 21 and 22). Another calculation example
of LixMnO2 (ref 20, the average valence is 3+ for Mn)
suggested the barrier for Mnoct → Mntet is ∼0.2 eV, which is
even less than half of the lithium diffusion barrier for Litet →
Lioct, indicating Mn diffusion can be even more energetically
favorable in some cases. In our study (the average valence is
3.4+ for Mn in the LiMn2O3.9, see also the details in the
Experimental Section), besides the diffusion barrier, the cation
migration also depends on the energy gained from atom-
electron interaction. Assuming the diffusion barriers for both Li
and Mn are 0.5 eV, the calculation based on pure elastic
collision23 shows that diffusion possibility for Mn is about 10-
times that for Li, indicating Mn is more active and Mn
rearrangement likely takes place prior to Li motion. More
details are included in the Supporting Information, Figures S8−
S10.
In addition, by introducing the O vacancies in

Li20/28Ni1/4Mn7/12O2 (ref 14, the valence is 4+ for Mn), the
barrier for Mnoct → Mntet can be reduced from 2.6 to 0.7 eV
(about four-times lower), meaning the oxygen vacancy would
significantly destabilize TM structure framework and facilitate
the phase transition. Note that in all of the TM oxides the
surface is always O deficient due to asymmetric bonding
between cations and O on surface, and thus, the oxygen can be
readily released to form vacancies,33 especially in the low
oxygen pressure environments in the battery cells, which are
usually fabricated in the argon-filled glovebox. This explains the
structure reconstruction is frequently observed on the surface
rather than the interior of bulk. Moreover, these results imply
that we can stabilize the spinel phase in the battery electrode
materials and prevent the phase transition by reducing the
concentration of oxygen vacancies.

Beside Mn-containing cathode materials, other TM cations
diffusion phenomena have also been reported including Ni (refs
8 and 14), Cr (ref 1), Mo (refs 1 and 2), and Fe (ref 4). This
seems a more general issue for the TM-containing cathode
materials. Previous studies from neutron powder diffraction12

and electrochemical measurements32 also discussed the lithium
and TM ions migration paths and showed that such unexpected
structural rearrangement can induced capacity loss and voltage-
fade in batteries. Partial substitution with other TM ions by
hindering the TM migration,7 or increasing the TM diffusion
barrier14 via reducing concentration of oxygen vacancies, may
help to stabilize the structures.

■ CONCLUSION
In summary, we use aberration corrected STEM imaging and
spectroscopy to monitor a phase transition in a cathode LMO.
The cations migration and anions shift, that is, Litet → Lioct,
Mnoct → Mntet → Mnoct, and Olow symmetr i c s i te →
Ohigh symmetric site, induces a phase transition from spinel to
rocksalt, while it leaves the oxygen sublattice framework almost
unchanged. The phase boundary between the newly formed
rocksalt and parent spinel matrix is not atomically sharp instead
in a thickness ∼1−3 unit cells. Various structure configurations
exist in the phase boundary, for example, the intermediate
structure of Mntet, which seems stable. Note that TM diffusion
is a general issue for cathode materials, the atomic-scale
monitoring of the TM diffusion dynamic process and evolution
of chemical environments in our work impart useful knowledge
for understanding the degradation mechanism for LIB electrode
materials. Moreover, unlike the X-ray diffraction, absorption
spectroscopy, or nuclear magnetic resonance, direct observation
based on aberration corrected STEM imaging (both HAADF
and ABF) and EELS demonstrated herein allows atoms
motions tracked during solid state phase transformations,
providing unprecedented opportunities to study a variety of
functional materials for energy, and solid-state physics and
chemistry.

■ EXPERIMENTAL SECTION
Commercial LiMn2O4 particles were synthesized by sintering Li2CO3
and MnCO3 at high temperature (provided by Toshima Co., Japan).
At the surface of oxides, the oxygen vacancies can naturally form due
to weak bonding (with dangling bonds).33 To facilitate the phase
transition, the commercial particles were annealed in N2 at 700 °C to
create higher concentration of oxygen vacancies in our laboratory,
forming LiMn2O4−δ, where δ denotes the oxygen deficient. Note that
the oxygen vacancies can readily form at such high temperature and
low oxygen pressure. To determine the oxygen vacancy concentration,
we performed heat capacity measurement and δ is estimated to be 0.1
by referring the previous report,34 which corresponds to 2.5% oxygen
deficiency (see Supporting Figure S11). According to the previous
report,14 2−4% oxygen deficiency gives a significant reduction in the
Mn diffusion barrier (from 2.6 to 0.7 eV). With the oxygen vacancies,
the diffusion barrier for Li is also likely reduced. The stoichiometric
compositions of spinel and rocksalt can be given as LiMn2O4 and
Li2Mn2O4, respectively. In our experiments, the oxygen deficient spinel
LiMn2O4−δ can be rewritten as Li2−xMn2O4−δ with x = 1. After phase
transition, the rocksalt can be written as (Li, Mn)4−xO4−δ with about
23% deficiency of cations sites. Note that we do not break the
conservation of matter in above discussion. HAADF and ABF images
are recorded simultaneously in probe-corrected cold-FEG JEMs at 200
kV (ARM200CF, JEOL Ltd.) and 300 kV (ARM300CF, JEOL Ltd.).
The convergence semiangle for imaging is 24 mrad, collection
semiangles spanning 65−240 mrad for ADF and 12−24 mrad for ABF
imaging, respectively. We have sequentially acquired image, where the
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frame time-interval is typically ∼2 s and the image size is 1024 by 1024
pixel.23 A post drift correction based on the cross-correlation method
was applied to align all the frames. To correct the energy drift, the EEL
spectra were recorded by Dual EELS mode with Enfinium camera
(Gatan Inc.) at 200 kV (ARM200CF, JEOL Ltd.), where the
convergence semiangle is 24 mrad and collection angle 53 mrad.
Multislice simulation of ABF images were carried out by using
commercial software from HREM Research, Inc. The inner and outer
angles were set to 12−24 mrad for the ABF detector, and the aperture
was set to 24 mrad. The total Debye−Waller factors for both spinel
and rocksalt are set as one. Different thicknesses were tested and
compared with experimental images to find the most suitable thickness
value of 30 nm.
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