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Being free of cobalt and nickel, Li-Mn-O layered oxides are considered as one of the most promising candidate
cathodes due to the low cost and high specific capacity. The relatively poor thermal stability of Li-Mn-O layered
oxides can lead to battery safety issues, and thus needs to be improved for practical applications. Herein, we
systemically investigated the heat-induced structural/chemical evolution of a Li-Mn-O material, revealing a two-
step phase transition process through concurrent Li and O loss, heterogeneously occurring in the bulk and at the
surface of the primary particles. Based on the understanding of structural change, two new Li-Mn-O materials
with different core-shell microstructures, one with a spinel shell and another with an orthorhombic shell, were
synthesized. Experimentally, the one with the spinel shell achieved an ultrahigh decomposition temperature of
~300 °C, which is vital for battery safety. This material also exhibited greatly enhanced cycling stability and rate
capability due to the protection role of the spinel shell. This work paves new routes to produce high-performance
cathode materials with various heterostructure architectures through the tunning temperature-sensitive structure

evolution process.

1. Introduction

Due to the limited resources of cobalt and nickel, the Li-Mn-O system
without any cobalt or nickel is greatly attractive in terms of materials
cost compared to Co-based and Ni-rich layered cathodes for Li-ion bat-
teries. [1-6] The Li-Mn-O system includes two stoichiometric types,
Li»MnO3 and LiMnO5. LioMnOs is electrochemically unstable and suffers
serious structure degradation due to irreversible O redox. [7-10]
LiMnOs is a thermodynamic metastable phase and thus is difficult to be
produced by the traditional sintering method. [11,12] In 1996, Arm-
strong and Bruce successfully prepared stoichiometric LiMnOy from
NaMnO, by a unique ion exchange method, and the material exhibited a
high capacity of 270 mA h g~! and good cycling stability. [13] In 2020,
Xia’s group developed another electrochemical ion exchange method to
obtain stoichiometric LiMnOy with a layered/spinel intergrown heter-
ostructure, which showed a high specific capacity of 254 mA h g™ ! as
well as excellent rate and cycling performance. [14] Ion exchange
methods are also applied to prepare a series of non-stoichiometric
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Li-Mn-O layered oxides. In 2020, Xia’s group synthesized O2-type
layered Lig 7g[Lip 24Mng 76]O2 nanowires and they achieved a high ca-
pacity of 275 mA h g~! at 0.1 C and good rate capability (200 mA h g~!
at 15 C). [15] Zhou’s group also reported an O3-type Lig g[Lip 2Mng.g]O2
by the ion exchange method, and the material achieved a high capacity
of 329 mA h g~ at 10 mA g~ and good cycling performance at a higher
current density of 300 mA g~ '. [16] These reports indicate that Li-Mn-O
layered oxides have become one of the interests of the research on
cathode materials with high energy density and low cost.

Although layered Li-Mn-O materials have shown excellent electro-
chemical performance, studies on the basic physical/chemical proper-
ties of these materials are still insufficient. [17-20] Especially, thermal
stability, which is a key factor to affect battery safety, is not well un-
derstood. [21-25] Typically these materials are produced using ion
exchange at a relatively low temperature (280 °C), they might not be
thermally stable at a higher temperature during use and are not vali-
dated before use. [26] Therefore, validating the thermal property of
Li-Mn-O oxides prepared by an ion exchange method is necessary for the
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safe operation of batteries.

In this work, we prepared a new Li-rich layered oxide Li; 11Mng 7602
by the ion exchange method and used it as a model material to sys-
temically investigate the thermal property. Especially, the whole process
of heat-induced microscopic/local structure evolution was thoroughly
investigated by combining multiple macroscopic/microscopic charac-
terization techniques. Based on the new understanding of the process,
two core-shell structured Li-Mn-O layered oxides, one with a spinel shell
and the other with an orthorhombic shell, were synthesized. The Li-Mn-
O oxide with a spinel shell exhibited enhanced thermal stability, cycling
stability, and rate capability, benefitting from the unique core-shell
structure. This work provides a new opportunity in the controllable
synthesis of high-performance lithium-ion battery cathode materials
with composite phase microstructures.

2. Results and discussion
2.1. Bulk phase transition upon annealing

The Liy 11Mng 7602 sample synthesized by the ion exchange method
is labeled as LMO. Fig. 1a shows the schematic illustration of the pro-
duction of a core-shell structural architecture through annealing. Ex situ
XRD was used to track the bulk phase transition when LMO was
annealed from room temperature to 850 °C. As shown in Fig. S1, there is
no change in the XRD patterns below 250 °C, indicating no obvious
phase transition. When the temperature rose to 350 °C, three weak peaks
in the range of 45-65° (marked by the stars) emerged, which are indexed
to a typical LiMnyOg4-like spinel phase with a space group Fd-3m. Be-
sides, the superlattice peak at 21° gradually intensified to some extent as
the temperature increased. With the temperature further increasing to
650 °C, the (003)y, peak splits into two peaks, of which the new one at a
lower angle is attributed to the spinel phase. In the meanwhile, other
peaks of the spinel phase become obvious. At 750 and 850 °C, two new
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phases LiMnOs-like monoclinic (space group C2/m) and LiMnOs-like
orthorhombic (space group Pmnm) were confirmed by further analysis.
In one word, a very complicated phase transition process, from the
initial monoclinic layered phase (Li;MnOs-like) to the spinel phase
(LiMn,04-like), and finally to new monoclinic and orthorhombic phases
(LiMnOs-like), occurred upon annealing.

To accurately determine the phase compositions, Rietveld re-
finements were performed on the above individual XRD patterns
(Fig. S2, Table S2, S3). Detailed phase composition data are summarized
in Fig. 1b. The entire phase transition process consists of three stages
divided by two transitions, at 300 and 700 °C, respectively. From room
temperature to 250 °C, the sample preserves the pure monoclinic phase
without any changes. Above 250 °C, a spinel phase appears, and its
content increases from 16.61 wt % to 29.95 wt % with the temperature
increasing from 350 °C to 450 °C, accompanied by the decrease in the
content of the monoclinic phase. From 450-650 °C, the phase compo-
sition changes little, and this is a rather wide temperature window for
the two-phase composite to be stable. Above 650 °C, another phase
transition process takes place, in which the spinel phase disappears and
the monoclinic content decreased sharply, followed by the occurrence of
both LiMnO,-like monoclinic phase and orthorhombic phase. From 750°
to 850°C, the content of LiMnO»-like monoclinic phase continues to
decrease while the content of LiMnOa-like orthorhombic phase in-
creases, indicating a phase transition from the monoclinic phase to the
orthorhombic phase. These results are consistent with the previous
report, which claimed that monoclinic LiMnO5 is a metastable phase,
and orthorhombic LiMnOy, is the thermodynamically stable phase. [27]
Thermogravimetric analysis (TGA) was further conducted to comple-
ment the phase transition study. Matching the phase evolution revealed
by XRD, the weight curve can also be divided into three plateaus by two
major weight loss steps. As shown in Fig. 1c and Table S4, the 1st weight
loss of 3.4% occurred from 200 °C to 300 °C, corresponding to the 1st
phase transition from the initial monoclinic layered phase to the spinel
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Fig. 1. (a) Schematic illustration of core-shell structural architecture with the annealing treatment. (b) The evolution of the phase composition with the temperature
based on Rietveld refinements of the corresponding XRD patterns. (¢) TGA analysis of pristine LMO.
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phase. The sample weight remained almost constant from 300 °C to
700 °C, which corresponds to the co-existence of both phases. The 2nd
weight loss of 3.1% started from 700 °C, roughly matching the 2nd
phase transition to LiMnOy-like monoclinic phase and orthorhombic
phase. Since the XRD was conductive ex situ, the observed trans-
formation temperatures were not strictly aligned with the TGA curve.

The two phases transitions can be described using the reaction for-
mulas in Fig. 1c. The 1st one is the decomposition of LisMnOg into the
spinel LiMnyO4, accompanied by Li and O loss in the forms of Li,O and
O,. The 2nd one is the complex decomposition reaction between
LioMnOs and LiMnyO4 to produce LiMnO, and O,. Both reactions
induced the continuous reduction of Mn from + 4 to + 3.

In Fig. 2a, TGA-MS was used to trace the gas evolution from 50 °C to
500 °C. Both Oz and CO; were detected in the weight loss range, which
could be related to the loss of lattice oxygen from the bulk and the
decomposition of trace residual carbonate or hydrocarbonate on the
particle surface. To detect the valence change of Mn, XPS analyses were
performed on the corresponding samples. As shown in Fig. 2b, two
distinct peaks at about 641.6 eV and 642.6 eV were observed in the
pristine sample, and they can be assigned to Mn>* and Mn**, respec-
tively. With the temperature increasing, another peak at 640.5eV
gradually appeared. This peak is associated with Mn?", indicating the
continued reduction of Mn. Quantitative analysis was carried out by the
peak fitting as shown in Fig. 2b. The initial ratio between the peak areas
of Mn>" and Mn*" was nearly 1: 2, which is well consistent with the
average valence + 3.72. As the temperature increased to 450 °C, the
molar ratio of Mn>*/Mn*" slowly increased, which corresponds to the
Mn reduction as the initial monoclinic phase transformed to the spinel
phase. Above 550 °C, Mn?" started to appear and its content gradually
grew with the temperature. Mn?* could be from MnO formed on the
particle surface, in consideration of the surface-sensitivity of XPS. The
Mn X-ray absorption near edge spectra (XANES) were collected for the
pristine, 450 °C and 750 °C samples. As shown in Fig. S3, the linear
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fitting of Mn XANES spectra deduces the average valences of Mn as
+ 3.81, + 3.66, and + 3.54, respectively, which are consistent with the
trend from XPS results. O 1 s spectra are illustrated in Fig. 2c. Besides the
main peak of oxide at around 529.3 eV, a weak and broad peak at
around 531.2 eV should come from the surface Li;CO3 or LiHCOs3. To
explore when the surficial Li;CO3 or LiIHCO3 formed during the synthesis
of LMO, we collected the O 1 s XPS spectrum of Na precursor and molten
salt after ion-exchange (Fig. S4). It is clear, there is a broad peak at
around 531 eV for both samples, assigned to the formation of surficial
carbonate species during the high-temperature calcination. These car-
bonate species cannot be fully removed after water washing, [28-30]
and would be reformed by the reaction between the Li" ions-containing
species in the residual water and CO5/H,0 during the drying process.
[31,32] These carbonate species could not be removed during the ion
exchange and would release CO during the subsequent heating process.
The intensity of carbonate/hydrocarbonate peak decreases with the
temperature increasing from 250 °C to 650 °C, which is consistent with
the TGA-MS results. As the temperature further increased to above
750 °C, the peak of carbonate/hydrocarbonate intensified again. They
come from the reaction between Li>O (generated at the particle surface
upon heat-induced structure evolution process in Table S4) and
CO2/H50 in the air during the sample storage and transfer.

2.2. Local structural transition upon annealing

As a complement to the bulk phase transition revealed by XRD,
temperature-resolved TEM was adopted to track the local structure
change upon the annealing process. Fig. S5 shows the TEM images of the
secondary particles when heating at elevated temperatures. The selected
secondary particle shrank upon 550 °C and underwent a significant
morphology change upon 700 °C. Fig. S6 exhibits the HRTEM images of
a selected region at the surface of a primary particle. Obviously, this
selected region also experienced significant morphology changes upon
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Fig. 2. (a) TGA-MS analysis during the annealing process of LMO. (b), (¢) Mn 2p and O 1 s XPS for the samples after annealing at different temperatures.
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heating. To better illustrate the local structure change, fast Fourier
transformation (FFT) maps were generated to identify the different
phases as shown in Fig. 3a-f. As shown in Fig. 3a, the chosen area is
assigned to the LiMnyO4-like spinel phase, and three diffraction spots are
indexed to the (—220)s, (—131)s, and (111)s planes based on the
d spacings and the angles between them. When the temperature rose to
350 °C (Fig. 3b), another (111)g spot appeared on the same diffraction
ring passing the previous (111)g spot, which hints that a new spinel
domain formed in this selected region. When the temperature further
increased to 450 °C (Fig. 3c), the spinel phase was preserved, but the
diffraction spots, especially (—131)s spot split into multiple spots in
comparison with that in Fig. 3a, indicating that the initial spinel domain
was divided into more spinel domains. In addition to these diffraction
spots, the diffraction rings marked by the green circles gradually became
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clearer from 250 °C to 450 °C, indicating an amorphous intermediate
phase was involved during the phase transition. When the temperature
further reached 550 °C, the diffraction pattern in Fig. 3d changed and
can be indexed to LiMnOz-like monoclinic phase with three interesting
diffraction spots indexed to the (001)y;, (1—10)y;, and (1—11)y planes.
This temperature for the phase transition is much lower than that
observed by XRD (750 °C), which may be due to the high vacuum of the
TEM. When the temperature was elevated to 650 °C and 700 °C, a new
set of diffraction spots can be detected and they were assigned to the
orthorhombic phase (Fig. 3e, f). Three representative diffraction spots
were indexed to (100)o, (120)0, and (320)¢ planes.

Overall, a phase transition process was observed locally at the sur-
face of a single primary particle, with a trend similar to that revealed by
the XRD results. What is different is that local area observation cannot

700 °C

Monoclinic Orthorhombic

550°C 650°C

" Te

350°C
Spinel

750°C
Monoclinic + Orthorhombic

Fig. 3. FFT maps from TEM images recorded at 250 (a), 350 (b), 450 (c), 550 (d), 650 (e), and 700 °C (f). The corresponding TEM images are deposited in Fig. S5.
The diffraction spots marked by red circles are indexed to the corresponding phases. The subscripts S, M, and O represent the spinel phase (Fd-3m), the monoclinic
phase (C2/m), and the orthorhombic phase (Pmnm), respectively. The green circles are used to correlate multiple domains with the same spinel phase. All the scale
bars are set 5 1/nm. (g) Schematic illustration to compare the phase transition processes in the bulk and at the surface, which come from the ex situ XRD results and in
situ TEM results, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reflect the percentage of transformation. There appears to be a gradient
of transition from the bulk to the surface of the particle. The scheme in
Fig. 3 g summarizes the structural evolution processes that concurrently
occurred in the bulk and at the surface of a single primary particle, as
postulated from the ex situ XRD and in situ TEM, respectively. At the
surface, the transition from the initial monoclinic phase to the spinel
phase happens at 250 °C, or 100 °C lower than that in the bulk (350 °C).
The transformation to LiMnOs-like monoclinic phase takes place at
550 °C, and the transformation to LiMnO,-like orthorhombic phase
takes place at 650 °C, also 100 °C lower than that in the bulk (750 °C).
The difference in the transition temperature can be explained by the
different degrees of Li and O loss from the surface and the bulk. Initially,
oxygen is lost from the particle surface, accompanied by lithium
diffusing out to form amorphous Li»O. Since the lithium is deficient at
the particle surface, Mn ions replace Li™ ions in the tetrahedral sites to
form a spinel phase, leading to a core-shell structure, with a core of
layered oxide and a shell of spinel. At elevated temperatures, 650 °C and
750 °C, Li* ions tend to diffuse from the layered core to the spinel shell
to form the LiMnO;-like monoclinic and orthorhombic phases. LiMnO-
like monoclinic phase is a thermodynamically unstable phase, and it
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would finally transform to the thermodynamically stable orthorhombic
phase.

2.3. Constructing core-shell structure of as-prepared LMO

After recognizing the delayed transformation in the bulk phase, we
intentionally constructed core-shell particles from LMO by simply
annealing the material at different temperatures. Specifically, we
selected two annealing temperatures, 450 °C and 750 °C, to produce two
different core-shell materials for further investigation. Fig. 4a shows the
XRD pattern and the corresponding Rietveld refinement of as-
synthesized LMO powder. All of the diffraction peaks can be well
indexed and the superlattice peak at around 21° is considered as a
typical character of Li-rich layered oxides. The morphology was
observed by SEM (Fig. S7a). The secondary particles are spherical-like
with an average diameter of about 1 um, composed of lots of primary
particles with a size around 30-100 nm. The HRTEM image in Fig. 4d
shows lattice fringe with a d-spacing of about 4.9 A corresponding to the
(001);, plane of the layered phase, and the FFT map in the inset exhibits
the typical diffraction pattern along with the c* direction of the layered
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Fig. 4. XRD pattern and the Rietveld refinement of as-prepared LMO (a), LMO-PA450 (b), and LMO-PA750 (c). (d) HRTEM image of as-prepared LMO and the
corresponding FFT map. (¢) HRTEM image with selected-area FFT maps for LMO-PA450. (f) HRTEM image with selected-area FFT maps for LMO-PA750. Schematic
illustration of as-prepared LMO (g), LMO-PA450 (h), and LMO-PA750 (i) with core-shell structural architecture.
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structure. After annealing at 450 °C, except for the original Bragg
diffraction peaks of the C2/m phase, a series of new peaks can be
observed in the resulting XRD pattern (Fig. 4b). According to the Riet-
veld refinement, the composite (denoted as LMO-PA450) consists of two
phases: 70.05 wt % C2/m layered phase and 29.95 wt % Fd-3m spinel-
like phase (Table S3). The morphology did not change noticeably
compared with the pristine material (Fig. S7d). To verify the micro-
structure within single primary particles, we used the focused ion beam
(FIB) to prepare samples for TEM. As shown in Fig. 4e, TEM image for
LMO-PA450 can be divided into core and shell regions as indicated by a
red line. As FFT maps in the insets show, the core still preserves the
original layered phase, while the surface presents a spinel phase with a
thickness of ~17 nm. The thickness is positively correlated with the
calcinating time (Fig. S9). As the temperature further increased to
750 °C, the material exhibited a more complex XRD pattern (Fig. 4c).
The Rietveld refinement shows that the composite (LMO-PA750) con-
sists of three phases: 43.97 wt % C2/m Li,MnOs-like layered phase,
13.79 wt % C2/m LiMnOy-like layered phase, and 42.25 wt % Pmnm
LiMnOo-like layered phase (Table S3). As shown in Fig. S7g, the particles
exhibit a lumpy shape with varying sizes. In the TEM image (Fig. 4f), the
orthorhombic shell was confirmed by the typical (010) interplanar
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spacing and the corresponding FFT map (the outermost region is iden-
tified as a MnO-like cubic phase by the corresponding FFT map, labelled
as “shell2”). The surface structure and the bulk structure of the LMO-
PA750 were further examined in Fig. S10. The different d-spacings
(5.8 A for the (010)o plane of the orthorhombic phase, and 4.9 A for the
(001);, plane of the layered phase) and the different FFT patterns can
distinguish the orthorhombic phase at the surface region and the layered
phase in the bulk, indicating the formation of the core-shell structure.
The structural schematics of LMO, LMO-PA450, and LMO-PA750 par-
ticles are displayed in Fig. 4g-i, respectively. The morphology change
and the concurrent formation of the core-shell structures were illus-
trated in Fig. S8.

In the previous reports, most of the layered-spinel core-shell struc-
ture cathode materials were prepared by relatively complicated
methods. Li’s group used a water bath coupled with the high-
temperature annealing and electrochemical process to get the LiCoO,
cathode with a LiMn; sNig 504 spinel-like shell. [33] Cho’s group pre-
pared the Ni-rich layered oxide LiNig54C0¢.12Mng 3402 with a Lij (-
CoNiyMny_,)204 spinel shell by sol-gel method followed with the
annealing process at 800 °C.[34] Wu et al. used the sol-gel method
coupled with an annealing process at 750 °C to synthesize a layered
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cathode Lij sNip 2Mng 605 encapsulated by the spinel phase.[35] Guo’s
group prepared Lij Mng 54C00.13Nig 1302 coating with the LisMnsO;2
spinel phase through dispersing the oxide precursors in KMnOy4 solution
followed by an annealing process). [36] Moreover, most of the spinel
shells above were achieved by the deposition of the second phase, which
may result in the non-uniform surface coating. Here, in two types of
core-shell structures for LMO-PA450 and LMO-PA750, the shells origi-
nated from the heat-induced structural evolution process, which can
ensure the uniformity of the core-shell structures and the atom-level
contact between shell and core.

2.4. Enhanced electrochemistry by tuning core-shell microstructure

The effects of these two core-shell structures on electrochemistry
were demonstrated by assembling these materials as the cathode in coin
cells. Fig. 5a-c shows the charge-discharge profiles in the voltage range
of 1.5-4.8 V at a current density of 10 mA g !. As for the pristine LMO
sample, there is a very long plateau above 4.5V correlating with the
typical 0>/0,% redox reaction in the Li-rich layered oxides (Fig. 5a).
Such a significant contribution from the oxygen redox reaction leads to
an unprecedented high discharge capacity of above 360 mAh g1,
which is higher than most of the reported Li-Mn-O system materials. In
comparison, the curves for the LMO-PA450 with the spinel shell show a
similar profile but a lower initial specific capacity of about
330 mA h g~! (Fig. 5b). Differently, there is a pair of charge/discharge
plateaus at about 4 V, marked by two blue dashed ellipses, which can be
related to the de/intercalation of Li* ions into the tetrahedral sites of the
spinel structure. [37-40] As for the LMO-PA750 with the orthorhombic
shell, the charge-discharge curves in Fig. 5c change a lot in contrast with
that of the previous core-shell sample. The charge plateau of about 4 V
becomes more obvious, and another discharge plateau appears in the
potential range of 1.5-2.0 V, marked by two blue dashed ellipses, which
can be associated with the formation of the new orthorhombic phase.
[41-44] In addition, the initial specific capacity significantly decreases
from > 300 mA h g~! to around 203 mA h g~!, which may result from
the serious Li and O loss during the phase transition process as well as
the lower capacity of the orthorhombic phase. Fig. S11a-e presents the
charge-discharge curves of the conventional Li-Mn-O Li-rich layered
oxide LioMnO3, LMO-PA350, LMO-PA550, LMO-PA650, and
LMO-PA850 samples. Fig. S12 exhibits the comparison of the cycling
stability for Lio,MnOs, pristine LMO, and other six post-annealing LMO
samples at a current density of 10mA g ', It can be found the
LMO-PA450 maintained the highest reversible capacity > 270 mA h g~*
after 20 cycles, while the LMO-PA750 showed superior cycling stability
but a limited reversible specific capacity. Thus we mainly focused on the
LMO-PA450 for further investigation. Figs. 5d and 5e present the com-
parison of the cycling stability for LixMnOs, pristine LMO, LMO-PA450,
and LMO-PA750 at the current density of 50 mA g™ 1. It can be found
that the LMO-PA450 shows enhanced cycling stability while still
maintaining a high capacity of about 245 mA h g~*, which should be
related to the spinel shell. In addition, the LMO-PA450 shows the
slowest average voltage fading when compared with the conventional
LioMnOs, pristine LMO, and LMO-PA750. The cycling stability of the
three samples was also compared in the voltage range of 2.0-4.8V,
showing a similar trend (Fig. S13). To clarify the mechanism of the
cycling stability for the LMO-PA450 sample, Fig. 5 h presents the dQ/dV
curves of the 3rd, 10th, 20th, and 50th cycles. For comparison, Figs. S14,
5 g, and 5i display the dQ/dV curves of the 3rd, 10th, 20th, and 50th
cycles for the conventional LioMnOs, pristine LMO, and LMO-PA750
samples. The redox peaks at around 3.0 V in Figs. S14, 5g, and 5i
continuously shift to the opposite directions, accompanied by the fast
decrease of peak areas. It is worth noting that the occurrence of redox
peaks at around 4.0 V for conventional LisMnOgs and pristine LMO
samples indicate the irreversible phase transition from the layered phase
to the spinel phase, while the fast attenuation of this peak could be
related to the fast structure degradation by the formation spinel phase.
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[45,46] In addition, the new redox peaks that occur at a low voltage
region of about 1.7 V can well explain the severe average voltage fading.
The LMO-PA450 in Fig. 5 h, shows great stability of the redox peaks at
around 4 V and suppression of the peak at around 1.7 V, which should
be responsible for the stable spinel shell. The rate capability of the
conventional LisMnOs, pristine LMO, LMO-PA450, and LMO-PA750 was
conducted at different current densities from 10 mA g~! to 1000 mA g~}
(Fig. 5f). The LMO-PA450 delivered a discharge capacity of about
330mAh g~ ! at 10 mA g~! and even retained a discharge capacity of
about 244 mA h g~! at 200 mA g~. For comparison, the conventional
LisMnOg and pristine LMO only delivered a discharge capacity of about
85 and 210 mA h g™}, respectively. DSC test was used to evaluate the
thermal stability of the LMO-PA450 sample at Ar atmosphere. It can be
observed the decomposition temperature is up to 300 °C, which is much
higher than about 200 °C of the pristine sample (Fig. S15). In brief,
tuning the core-shell structure with a suitable spinel shell exhibits
enhanced cycling stability, rate capability and, structural stability.

2.5. Enhanced structural stability

To further explore the stability of LMO cathode materials with a core-
shell structure, the in situ DEMS was conducted as a probe for the
interfacial side reaction and lattice oxygen stability, and the corre-
sponding results were shown in Fig. 6a-c. During the first charged pro-
cess of the pristine LMO (Fig. 6a), both CO5 and O, release started above
4.0V, reflecting the serious interfacial electrolyte decomposition reac-
tion and lattice oxygen loss. As for LMO-PA450, O, released was greatly
decreased, indicating the stability of the lattice oxygen has been greatly
improved (Fig. 6b). In addition, there was no obvious CO; release can be
observed in the LMO-PA450, indicating the suppressed interfacial side
reaction between the spinel shell surface and carbonated electrolyte. In
order to further prove the action of spinel shells, the in-situ DEMS was
also conducted on LiMnyO4 spinel cathode. As shown in Fig. S16, there
was no detectable CO2 and O release during the charging process,
further confirming the improved interfacial structure stability in LMO-
PA450 by the spinel shell. [47,48] For LMO-PA750, both CO3 and O,
release was greatly suppressed (Fig. 6¢). The microstructural analysis of
the above materials after 50 cycles were conducted by HRTEM images
with the corresponding FFT patterns (Fig. 6d-f). The layered structure of
LMO basically transformed to the spinel-like phase with the detectable
lattice fringe distortion (Fig. 6d). On contrary, LMO-PA450 still pre-
served the original layered core-spinel shell structure even after long
cycles, indicating the improved structural stability (Fig. 6e). As for
LMO-PA750, the orthorhombic shell at particle surface transformed to a
spinel-like structure, consistent with the previous reports. [44,49] We
can deduce that the spinel-like surface structure is electrochemically
favorable and stable for the Li-Mn-O system. In addition, XPS results
(Fig. S17) show that Mn dissolution on Li anode after 50 cycles for
LMO-PA450 is the smallest among three samples, which further con-
firms the enhancement of the core-shell structure on the electrochemical
stability.

3. Conclusions

In this work, we systemically investigated the heat-induced struc-
tural evolution of a nonstoichiometric Li-Mn-O layered oxide combined
with multiple macroscopic and microscopic characterization methods,
as well as the effect of the structure on the electrochemistry. The
continuous phase transition, from the original Li;MnOs-like monoclinic
phase to LiMnyO4-like spinel phase, then to LiMnOs-like monoclinic and
orthorhombic phases, was observed to occur at different temperatures in
the bulk and at the surface of the primary particles, which are due to the
different degrees of Li and O loss and the reduction of Mn. Most
importantly, these heterogeneous phase transitions lead to two specific
core-shell microstructures with either a spinel shell or an orthorhombic
shell. The spinel shell was found to greatly enhance the cycling stability
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Fig. 6. (a-c) In situ DEMS results of LMO, LMO-PA450, and LMO-PA750 during the 1st cycle. (d-f) HRTEM patterns with the corresponding FFT images after

50 cycles.

of Li-Mn-O layered oxide. This work deepens our understanding of the
phase structural evolution in the Li-Mn-O system and paves new path-
ways to design novel core-shell cathode materials with excellent elec-
trochemical performance.
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