Temperature-Sensitive Structural Evolution of Lithium-
Manganese-Rich Layered Oxides for Lithium-lon Batteries

Haijun Yu'™*, Yeong-Gi So%, Yang Ren*, Tianhao Wu', Gencai Guo', Ruijuan Xiao’, Jun Luf,
Hong Li/, Yubo Yang®, Haoshen Zhou**, Ruzhi Wang', Khalil Aminet, Yuichi Ikuhara®*

" College of Materials Science & Engineering, Key Laboratory of Advanced Functional
Materials, Ministry of Education, Beijing University of Technology, Pingleyuan #100, Chaoyang
District, Beijing, 100124, P. R. China

* Energy Technology Research Institute, National Institute of Advanced Industrial Science and
Technology (AIST) Umezono 1-1-1, Tsukuba, 305-8568, Japan

§ Institute of Engineering Innovation, School of Engineering, The University of Tokyo, Tokyo,
113-8656, Japan

# X-ray Science Division, Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL
60439, USA

I Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese
Academy of Sciences, Beijing 100190, P. R. China

t Chemical Sciences and Engineering Division, Argonne National Laboratory, 9700, South Cass
Avenue, Lemont, lllinois 60439 (USA)

*e-mail: hj-yu@bjut.edu.cn; hs.zhou@aist.go.jp; ikuhara@sigma.t.u-tokyo.ac.jp



mailto:hj-yu@bjut.edu.cn
mailto:ikuhara@sigma.t.u-tokyo.ac.jp

Abstract:

Cathodes of lithium-rich layered oxides for high-energy Li-ion batteries in electrically powered
vehicles are attracting considerable attention by the research community. However, current
research is insufficient to account for their complex reaction mechanism and application. Here,
the structural evolution of lithium-manganese-rich layered oxides at different temperatures
during electrochemical cycling has been investigated thoroughly, and their structural stability are
designed. The results indicated structure conversion from the two structures into a core-shell
structure with single distorted monoclinic LITMO; structure core and disordered-spinel/rock salt
structure shell, along with lattice oxygen extraction and lattice densification, transition metal
migration, and aggregation on the crystal surface. The structural conversion behavior was found
to be seriously temperature sensitive, accelerated with higher temperature, and can be
effectively adjusted by structural design. This study clarifies the structural evolution mechanism
of these lithium-rich layered oxides and opens the door to the design of similar high-energy
materials with better cycle stability.



INTRODUCTION

High-energy lithium-ion batteries (LIBs) are urgently needed for the already conquered
electronics market, the ever-rising market for electric vehicles, and renewable energy storage in
smart grids® 2. In the drive to develop advanced LIBs, much effort is being devoted to cathode
materials with higher energy density>>. One of the most promising cathode materials is lithium-
manganese-rich layered oxides (LLOs), which have been intensively investigated by the academic
and industrial communities®*2.

In the past, efforts on LLOs have mainly focused on materials synthesis!* 14, determination of
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1517 and the reaction mechanism” , and electrochemical

pristine material structures
performance improvement? 2224, Numerous questions still remain, including the mysterious
reaction during the initial charge plateau at 4.5 V vs. Li*/Li and the obvious decay of average

19,2527 Many scenarios have been proposed for the irreversible charge

voltage upon cycling
plateau, including Li;MnOs structure activation?, Li,O formation?®, O, loss'®, 0% migration and
oxidation®®, transition metal (TM) migration?® and over-oxidation®, and structure
rearrangement3l. However, strong and convictive evidence for the above scenarios is still lacking,
largely because of the complex crystal-structure evolution and its origin during the initial cycles
with LLO electrodes. Until now, no one has reported the explicit average and local structure
evolution combined with the electrochemical performance variation of LLOs, especially during the
initial irreversible plateau. In particular, the significant challenge of voltage decay?’, which
reduces the total available energy during cycling, must be overcome prior to the practical
application of LLOs. This decay is commonly attributed to the structural evolution®®. Some works
have revealed that the structure will finally convert into the spinel structure after long-time
cycling®®33, However, the structure evolution process and affective factors on structure evolution,
resulting in the absence of effective methods on improving the cycle stability of LLOs, are still
unclear and have a strong demand. Therefore, systematic studies on structure evolution, further
finding the relationship between structure evolution and voltage decay and designing stable
electrode materials are urgent currently.

Here, based on ex-situ high-energy synchrotron X-ray diffraction (HE-SXRD) coupled with atomic-
scale high-angle annular dark-field (HAADF) and annular bright-field (ABF) scanning transmission
electron microscopy (STEM), we report an important finding: the long- and short-range structure
evolution of Li1224Mngs52Nio.163C00.06402 during the initial cycle. Our results reveal unambiguously
that the structure changes on the bulk and surface of the cathode grains begin with the initial 4.4
V charge state. The structure rearrangement from two structures into a core-shell structure is
driven seriously with lithium and temperature, associating with crystalline system conversion,
lattice oxygen loss, TM ions migration in the TM layer and Li layer, TM ions aggregation on the
crystal surface, partial reversible conversion between spinel and rock salt structure on grain
surface. Furthermore, the relationship between structural conversion behavior and voltage decay
of LLOs has well been established, and their cycle stability can be effectively improved by
structural design. These results shed light on the long-standing challenges of LLOs used as
cathodes in LIBs, illustrating the complex lithium- and temperature-driven structural evolution



behavior of LLOs, providing effective methods for improving the electrochemical performance of
LLOs or similar high-energy materials with better cycle stability.

RESULTS AND DISCUSSION

Temperature Sensitivity of Lithium-Rich Layered Oxides. Our previous studies with HE-SXRD and
advanced microscopy techniques revealed the average and local structures and Li-MnOs-like
structure distribution in the whole crystalline particle of pristine Li1.224Mnoss2Nio.163C00.06402,
prepared by the solid-state reaction method> 17 28, The results established a strong basis for
credible structure-evolution studies on LLOs. These studies had revealed that the reaction
mechanisms associated with the higher capacity of LLOs at high temperature (55°C) might be
different compared with those at room temperature3. In order to understand the temperature
sensitivity of LLOs, the initial cyclical electrochemical behavior of a Li12Mngss7Nio.167C00.06702
electrode at five different activation temperatures was first determined. The effect of activation
temperatures on electrochemical behavior, especially voltage decay, in the following cycles at
room temperature (25 °C) were investigated carefully. All batteries were electrochemically tested
with a current density of 0.1 C (20 mA g-1) in the voltage range of 2.0-4.8 V. It is obvious that the
activation temperature seriously affects the initial charge/discharge curves with different
reversible capacities, as shown in Figure 1a. The electrochemical performance of LLOs is obviously
sensitive when the temperature is between 25 and 45 °C, as shown in Figure 1b and Figure S1.
With higher activation temperatures (245 °C), the plateaus of discharge curves of LLO electrode
decrease quickly in the initial cycle and decay slowly during the following cycles as shown in Figure
1c, which is also consistent with the obvious variation phenomenon of dQ/dV curves in Figure 1d,
indicating that the structure evolutions of LLOs during the cycle process are different at different
temperatures.

Average and Local Structure Evolution of Lithium-Rich Layered Oxides. In In this study, we
applied the ex situ HE-SXRD technique to determine the detailed average structure evolution with
delithiation/lithiation for the first cycle with Li; 2Mno se7Nio.167C00.06702 electrodes at room and high
temperatures. Figure 2a presents the chosen states of Lii.;Mngse7Nio.167C00.06702 electrodes for
initial charge/discharge profiles with a current density of 20 mA g™ at two temperatures (25 and
55 °C). The ex situ HE-SXRD patterns with different charge and discharge states in Figure 2a are
collected and shown in Figure 2 b .The Li1.2Mng.567Ni0.167C00.06702 electrodes (C-1 in Figure 2b) show
structure characteristics similar to those in previous research on pristine powder.'” During
delithiation and lithiation processes, there is no obvious change in Bragg diffraction lines for these
electrodes at two different testing temperatures, except for the broad peaks around 26 =9-12°,
which can be indexed as the LiTM2 layer (Li2MnO3-like structure) change inside LLOs.® From
Figure 2c, it is clear that the intensity of these enlarged broad diffraction peaks around 26 =9-12°,
especially the (020) lines, decrease during delithiation for the samples at 25 and 55 °C, and almost
all of these peaks at 55 °C vanish at the end of charge, while the main diffraction lines for 25 °C
can still be identified. During the lithiation process, the main diffraction lines around 26 = 9-12°
can be partially recovered for the 25 °C sample, in comparison with the faint diffraction lines for



the 55 °C sample. These phenomena indicate strongly that the Li+ extraction and insertion into
the LiTM2 layer inside these electrodes is partially reversible, and more Li+ can be extracted from,
but little can be inserted into, the LITM2 layer at high temperature for a more significant structure
rearrangement in comparison with that at room temperature.

The obvious temperature-driven difference on HE-SXRD patterns begins with the cut-off voltage
of 4.4V, as clearly revealed by the enlarged local HE-SXRD patterns in Figure 2c-e. Figure 2e shows
an additional faint but discernible diffraction line at the charged 4.4-V state. This line vanished
with further delithiation (4.5 V and 4.8 V) at 55°C, suggesting possible structural change or
rearrangement under high temperature. During delithiation, the diffraction lines of (003) in
Figure 2d and (104) in Figure 2e grow broader at both 25°C and 55°C (indicating the loss of
crystallinity). Two obvious extra diffraction lines are marked by blue arrows in Figure 2d (4.8 V),
especially with the 55°C sample. The appearance of these diffraction lines suggests a new
structure formation at the end of charge, and their vanishing during the following lithiation
indicates possible structure reversibility, at least in the initial cycle. Similar phenomena had also
been reported on researching the structure evolution of the Li12Mngs4C00.13Ni0.130; electrode by
conventional X-ray diffraction (XRD), and a hypothesis is that this new phase is a densified layer
formed after loss of the oxidized oxygen ions at the crystal surface during the first charge.!
However, many doubts have been expressed about this new structure, which will be further
discussed in the later section in this paper.

Previous studies proposed that a LiMnOs-like structure with C2/m space group inside LLOs can
be activated at the initial cycles and contribute to the electrochemical performance.® 2 However,
strong evidence for this mechanism was not reported because of the complex lattice
disappearance and rearrangement during the first cycle. To reveal this process, structure
refinements on the HE-SXRD data at various discharge states with crystalline materials were
conducted based on different structure models. First, to understand the global structure changes
of these compounds, a simple (Li1.22axTMy)3b(LixTMo.776-y)3a(02-0)ec Single-phase model with R3m
space group was chosen for structure refinement on HE-SXRD data without considering the 26=9°-
12° region. The typical region is shown in Figure S2. For pristine material, the chemical
composition was determined by the inductively coupled plasma mass spectrometry (ICP-MS)
method. All of the Li/TM ion occupancy at 3b (Li-layer) and 3a (TM-layer) sites, oxygen occupancy
at 6¢ sites, and the profile and lattice parameters were refined simultaneously without any
restrictions, except for the fixed isotropic displacement (B) parameter according to the literature?.
The refined structural formula of the pristine electrode is
(Lio.o82(6)TMo.017(6))3b(TMo.758(6)Li0.241(6))3a(O2.00(1))sc.  The data reveal that —24% of the 3a sites are
occupied by Li*ions, only ~1.7% of the 3b sites in the Li layer are occupied by TM ions, and oxygen
vacancy is absent in pristine electrode because of the small standard deviation of the oxygen
occupancy.



The refined results in Figure 2f, Table S1, and Figure S2 have good reliability indexes and indicate
that this model can explain the partial average structure evolution of LLOs during the initial cycle.
It is obvious that the numerous TM ions at the lithium layer (3b sites) are associated with sizable
oxygen loss (6c sites) for the 25°C and 55°C samples. At the end of the initial cycle, for the 25°C
and 55°C samples, the TM ions in the Li layer (3b sites) increase from ~1.7% to ~4.67% and
~5.92%, respectively, and the oxygen removed from lattice increases to ~6.6% and ~10.4%,
respectively. It is clear that the values of the TM ion occupancy in the Li layer and lattice oxygen
loss of the 55°C samples are larger than those of the 25°C samples, revealing the serious structure
change during the initial charge plateau under high temperature. In addition, the larger
charge/discharge capacities of these compounds at 55 °C are attributed to the increase of
activated Li;MnOs-like structure (LiMnO3¢>Li»xMnOsy+xLi*+x/20,) and possible increased
anionic contribution (0>¢>0") under the high temperature!®. The serious TM migration and
oxygen loss indicate the existence of lattice instability and an equilibrium process in the initial
cycle. These will surely induce structure transformation to other forms with lower energy and
influence the following electrochemical performance, and high temperature accelerates this
transformation.

The refinement with synchrotron XRD data of the pristine electrodes by a two-phase model
revealed that the fractions of monoclinic Li;MnOs-like structure (space group: C2/m) and
rhombohedral LITMO; structure (space group: R-3m) are ~51% and ~49%, respectively, which is
very close to the design composition of Li1.2Mno.s67Ni0.167C00.06702
(0.5Li,Mn0O3-0.5LiMng 42Nio.42C00.1602, Which can be represented by the symbol of 5/5LLO). One
the basis of the previous “twin-domain” reaction mechanism, it is generally recognized that the
monoclinic Li;MnOs-like structure fraction will decrease, resulting in a rhombohedral LiTMO;
structure increase after the initial cycle, especially after full activation under high temperature?®,.
However, refined results on the whole synchrotron HE-XRD data of the 25°C and 55°C samples at
2.0 V discharge by the two-phase model lead to the opposite conclusion. Figures 2g,h and S3 and
Tables S2 show the refined results. It is obvious that all of the diffraction lines in Figure 2g,
including the diffraction lines around 26=9"-12° of the initial cycled electrodes, can be well
explained by the two-phase model with high reliability, while the monoclinic Li,MnOs-like
structure fraction for the 2.0-V discharge state has increased from ~51% (pristine state) to 83%
for 25°C and 92% for 55°C, and the rhombohedral LiTMO; structure fraction for the 2.0-V
discharge state has decreased from 49% (pristine state) to 17% for 25°C and 7% for 55°C ( Figure
2h and Table S2).

The refined data clearly show that: (i) the major structure of the electrode materials after the
initial cycle has been transformed from a rhombohedral and monoclinic coexistence structure to
the monoclinic crystal system; (ii) the lattice parameters of the monoclinic structure in pristine
material show obvious variation in comparison with that of the rhombohedral structure, and
lattice parameters increase considerably for the monoclinic structure; (iii) oxygen occupancies at
the 4i and 8j sites of the monoclinic structure show a large decrease, associated with the Wyckoff
position variation; and (iv) these transitions are affected strongly by temperature. The increased



lattice parameters of amon and bmon indicate that the average TM valence decreases after the initial
cycle, especially at high temperature, which is most probably caused by the increasingly activated
Mn3* ions originating from the Li,MnOs-like structure activation®. In addition, the crystal system
transition is strong evidence that gliding of the TM layer or defected LiTM; layer in the a(b)
diffraction plane must have occurred, caused mostly by the existence of numerous lithium and
oxygen vacancies in the TM layer and accelerated by temperature. Thus, it is speculated that the
crystal lattice after the initial cycle has been densified while the crystal system should be mainly
monoclinic structure.

To better understand and confirm the structure evolution through the first cycle, LLO cathodes
were “anatomized” into cross-sectional thin transmission-electron-microscopy specimens (CSTTs)
and investigated by ABF/HAADF STEM techniques?’. Firstly, the 2.0-V discharge (25°C) electrodes
were investigated by these advanced microscopy techniques. Figure 3a presents a continuous
super-large HAADF STEM image (430 nm?) of the electrode, and its atomic-resolution image is
very different from that of pristine material in ref. 17. It is obvious that almost all of the lattice in
this super-large area is arranged in the same way of bright-bright-dot contrast while the dark-
bright-bright-dot contrast, which is considered as the representative TM arrangement in the
Li,MnOs-like structure, has almost disappeared. This disappearance means that the structure
inside the LLO crystals after the initial electrochemical cycle has been changed and densified,
which is consistent with and strongly confirms the HE-SXRD results.

Figures 3b and 3c show typical enlarged local HAADF STEM images of the red and blue regions in
Figure 3a. The related ABF STEM images were simultaneously recorded and are presented in
Figure 3b,c, respectively. The bright-dot contrast in the HAADF STEM images and dark-dot
contrast in the ABF STEM images show the TM-atom column positions. The faint but distinct dark-
dot contrast in the interlayer of the ABF STEM images indicates the oxygen-atom and lithium-
atom column positions. Figure 3b shows the densified lattice with defected atoms arranged along
the c-axis, which is most probably contributed from the TM migration or slab gliding in the TM
layer for lithium and oxygen vacancies. The relatively dark but recognizable dots (labeled with
green arrows) in the TM layer of Figure 3c indicate the mixed Li and TM atoms in this site,
evidenced by their intensity profiles in Figure 3d. Obviously, the contrast intensity indicated with
green arrows should not be so strong because the contrast intensity with only Liions in these sites
is almost zero based on HAADF STEM images®’. In addition, there are no obvious TM atoms found
in the Li layer in comparison of the HAADF and ABF STEM images in Figure 3b,c. We have also
observed and analyzed the local structure of the 2.0-V discharge (55°C) electrode by these
microscopy techniques, and no obvious difference on the local structure has been found. Thus,
it is probably that TM ions have migrated from the neighbor Li vacancies (Figure 3e).

To better understand the bulk structure evolution, the lattice evolution with two structures is
shown in Figures 3f-h. For the pristine state in Figure 3f, Li ions are located at the Li layer and
LiTM; layer in the Li;MnOs-like domain, while Li ions are located only at the Li layer in the LiTMO,
domain. There are no vacant sites for Li, TM, or O ions for Li,MnOs-like and LiTMO; structure
domains. For the discharge state at 25°C ( Figure 3g), some Li ions are extracted from but cannot



be inserted into the original sites in the LiTM; like layer of the Li,MnOs-like structure domain, and
some TMs migrate from the LiTM; layer to the Li layer, associating with some oxygen vacancies.

Furthermore, the OTM,-like layer (“0” stands for vacancy) with Li vacancies associated with the
TM layer in the LITMO; domain shifts along the arrow to become a densified monoclinic structure
according to the Rietveld refinement in Figure 2 and Table S2. For the discharge state at 55°C
(Figure 3h), more Li ions are extracted from but cannot be inserted into the original sites in the
LiTM; layer, and more TMs migrate from the TM layer to the Li layer, associating with more oxygen

vacancies. Again, the OTM;-like layer associated with the TM layer in the LiITMO; domain shifts

along the arrow to become an absolute densified monoclinic structure.

First-principles calculations were completed to understand the TM migration associated with TM
slab gliding. A structure model of Li;sMnOs was chosen for calculation purposes;® Li-vacancy
configurations and four O-vacancy configurations were considered (Figure S4). The stable
Li;.sMnOs; model with Li/O vacancies is shown in Figure 3i. For LizsMnOs, a Li vacancy has formed
in the 2b site of the LiMn; layer, and the energy barrier of Mn migration from the 4g site to this
2b Li-vacancy site was calculated to be about 3.07 eV in Figure 3j, indicating the difficulty of Mn
migration in the TM layer. However, the existence of the O vacancy seriously decreases the Mn
migration energy barrier to about 1.86 eV, indicating that lattice densification with TM-layer
gliding can easily occur, especially under high temperature, which is consistent with the
experimental results. Animportant unanswered question is, where are the TM ions in the Li layer,
which are believed to exist? The quantity of these ions should increase greatly after the initial
electrochemical cycle by refining the 2.0-V discharge electrodes with single-phase structure
models in Figure 2f.

One of the possible and most interesting regions is the grain surface. We have found TM
aggregation at the crystal surface of the 2.0-V discharge (25°C) electrode, and the TM ions in the
Li layer of this compound are believed to move smoothly and probably in a way similar to the Li
ion movement in the Li layer. To understand these phenomena and prove the above supposition,
a detailed grain surface structure investigation in the initial electrochemical cycle was conducted
by means of advanced microscopy techniques based on the CSTTs “anatomized” from the
electrode materials with different charge and discharge states. Figure 4 shows the grain-surface
structure evolution of the electrodes during the initial cycle. For pristine material (Figure 4a),
inside the yellow dotted lines shows an obvious layered structure, and there are no TM ions in
the Lilayer. However, a few but recognizable TM ions in the Li layer are visible on the near surface,
as revealed in the enlarged region within the green square and by the simultaneous ABF STEM
images in Figure 4b. Therefore, a LiixTMTMO,-type (0<x<1) structure is formed on the grain
surface of pristine LLOs, and is reproduced fairly well by the simulated crystal models in Figure 4i.
With the charge voltage increasing to 4.4 V, the TM atom column contrast in the Li layer grows
much more identifiable (Figure 4c,d), indicating formation of a TMO-type rock salt structure
(equal to LiixTMcTMO,-type structure with x=1) with TM ion aggregation on the grain surface
during this stage. When the electrode material is charged to 4.8 V after the irreversible charge
plateau, different atoms order the appearance on the grain surface (Figure 4e). The



simultaneously recorded enlarged HAADF/ABF STEM images ( Figure 4f) show that the tetrahedral
and octahedral sites in the Li layer are occupied by TM atoms, and that there is no lithium atom
column, suggesting formation of a TM3Os-type spinel structure on the grain surface. This
phenomenon has also been observed in another CSTT surface with a different projected direction
( Figure S5). In addition, most TM ions at octahedral sites, marked by red circles and arrows, have
also been found inside the yellow dotted lines in Figure 4a. However, a grain surface with
numerous TMO-type rock salt structures and few TM304-type spinel structures is identified at the
first discharge state (Figure 4g,h), suggesting the possible reversibility of the TM30,4- to TMO-type
structure transformation.

Another important question is, among the TMs (Ni, Mn, and Co), which one is most likely to
transfer from the TM layer to Li layer, aggregate on the crystal surface, and transform between
spinel and rock salt structures? Previous research indicated that Ni has the highest possibility to
make this transfer'’, a conclusion that is supported by the atomic-resolution energy-dispersive
spectroscopy (EDS) methods on the 4.8-V charge (25°C) electrode (Figure 5a-€e). It is obvious that
Mn is mainly located in the TM layer, while Ni and Co is distributed in both the TM and Li layers.
Figure 5f shows that the Ni, Mn, Co, and Li ions diffuse through the energy barriers in the Li-layer
based on LipsMnOsmodel, and that compared to Mn and Co ions, Niions have the great possibility
to diffuse smoothly into the Li layer. Apparently, similar like the conclusion in Figure 3j, the energy
barrier of Ni migration from 4h site to 4h site in the Li-layer will also seriously decrease with the
O vacancy existence. This observation is consistent with the Ni aggregation phenomenon on the
grain surface.?

To better understand the partial structure transformation between spinel and rock salt on the
grain surface, we investigated the stability of TMs0, with respect to both thermodynamic and
kinetic effects. The total energies of Cos0, with one Co ion situated at tetrahedral and octahedral
sites after removal of one Co ion were determined by simulations. The results indicate that the
energy for the Co ion at the tetrahedral site is 0.054 eV/f.u. lower than that at the octahedral site,
implying that the CosQ4 in the spinel structure is thermodynamically stable (Figure S6). In Figure
5g, the migration of a Co ion between two neighboring tetrahedral sites shows an energy barrier
of 0.58 eV, preventing the movement of the Co ion into an octahedral site. Thus, the spinel Coz04
is stable at the grain surface. For the Nis0,, the energy for the Ni ion at a tetrahedral site is 0.069
eV/f.u. higher than that at an octahedral site ( Figure S7), explaining why the NisO4 is reversible
between spinel and layered structures in the cycling processes; therefore, the final structure of
the crystal should be the core-shell structure shown in Figure 5h. Actually, after the initial cycle,
the bulk of LLOs has transferred to a distorted manganese-based monoclinic LiITMO; structure,
while the grain surface has become the densified composite construction with rock salt and
disordered-spinel structure, and these transforms will be accelerated by higher temperature.

Structure Design for Stable Lithium-Rich Layered Oxides. To understand the relationship
between structure evolution and materials design, two other different compositions of LLOs
with 0.3Li2|\/|n03'0.7|.i|\/|no_42Nio_42C00_1602 (3/7LLO) and 0.7LizMnO3'O.3LiMno_42Nio_4zCOo,1602
(7/3LLO) have been prepared. It is obvious that the 3/7LLO shows attractive electrochemical



performance with higher discharge voltage and reversible capacity at 55°C in Figure 6a. Cycle
performance in Figure 6b-d at 55°C shows clear structure stability of 3/7LLO comparing to those
of 5/5LLO and 7/3LLO. After long electrochemical cycling at room temperature or initial
electrochemical cycling at high temperature, the bulk structure of LLOs will change to a single
manganese-based monoclinic LiTMO; structure, thus the cycle stability of LLOs should be similar
to those of manganese-based layered oxides materials with rhombohedral structure for LIBs,
and the main difference is that LLOs are more sensitive with temperature. Therefore, the Jahn-
teller effect on layered manganese-based oxides®® will also be suitable to LLOs. If all of the
Li;MnOs structure domains in 3/7LLO, 5/5LLO and 7/3LLO electrodes can be fully activated,
showing in Figure 6e, the chemical formula should be LiMng.s94Nio.295C00.11103,
LiMng.712Ni0.208C00.0802 and LiMng s26Ni0.126C00.04802, respectively. Therefore, the valance of Mn
after fully activation should be 3.5, 3.3 and 3.15, respectively. Itis well known that the Mn
valance of 3.5 is the critical point for Jahn-teller effect, and that’s why the designed 3/7LLO with
higher Mn valance (=3.5V) after initial cycle should possess the best cycle stability.

CONCLUSION

In conclusion, the complex mechanism for lithium- and temperature-driven structure evolution
of LLOs has been investigated by HE-SXRD, HAADF/ABF-STEM, and theoretical calculational
methods, focusing in particular on the average and local structure. Whereas the majority of Li
ions cannot be inserted back into the LiTM, layer, lattice oxygen is lost, and TMs are aggregated
on the grain surface, especially at high temperature. The whole grain bulk structure after the
initial cycle changed into a single distorted monoclinic LITMO; structure. A disordered-spinel
structure appears on the grain surface when the applied voltage is larger than 4.4 V vs. Li*/Li, both
octahedral and tetrahedral sites on the grain surface are occupied by TMs, and there is a
reversible conversion between rock salt and the disordered spinel. Furthermore, the relationship
between structural conversion and voltage decay of LLOs has well been established. The voltage
decay is associated with two stages of structure conversion, one is “twin domain” structure
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conversion into “core-shell” structure, and the other is the layered Manganese-based oxides
structure conversion into spinel Manganese-based oxides structure. Their cycle stability can be
improved effectively by the structural design with few Li,MnOs-like structure component, not only
decreasing voltage decay within the first structure conversion stage caused by Li;MnOs-like
structure activation, but also increasing the Manganese-octahedral stability of layered
Manganese-based oxides after fully activation and further inhibiting the second structure
conversion stage caused by Jahn-Teller effect. The results in this paper provide a framework not
only for understanding the complex lithium- and temperature-driven structure evolution for LLOs
but also for the future design and optimization of high-energy intercalation oxides as cathodes for

rechargeable LIBs.



EXPERIMENTAL SECTION

Synthesis of LLOs. Solid-state reaction technology was used for preparing the LLO electrode
materials, and detailed information can be found in ref. 28.

Ex-situ HE-SXRD and Rietveld refinement. Working electrodes were prepared with a weight-to-
weight ratio of 80% of active material, 10% of acetylene black, and 10% polyvinylidene fluoride
binder, and then were cast on an aluminum foil. They were then pressed at 40 MPa after being
dried at 80°C overnight. Initial charge/discharge tests were conducted in CR2032 coin-type cells
with a Celgard 2400 porous polypropylene film separator. The cells were assembled in a glove
box filled with argon gas. The electrolyte was 1M LiPFs in ethylene carbonate/dimethyl carbonate
(EC/DMC, 1:1(v/v)).

Ex Situ HE-SXRD and Rietveld Refinement. For post-test ex-situ HRXRD and microstructure
investigations, electrode specimens that had been charged and discharged at a rate of 0.1C (20
mA g?) in the voltage range of 2.0-4.8 V were disassembled in the glove box, washed thoroughly
with DMC, and then peeled off from the current collector. Samples for ex-situ HE-SXRD
investigation were placed in Kapton tubes with a diameter of 1.6 mm and then sealed with glue.
All of these operations were performed in the argon-filled glove box. The HE-SXRD experiments
were performed on beam line 11-BM-B of the Advanced Photon Source, Argonne National
Laboratory in the USA and Spring 8 in Japan.

All of the structures were refined using the Rietveld refinement method with FITRAN-FP software.
The Rietveld refinement is summarized as follows:

(1) A (Li1.22axTMy)3p(LixTMo.776-y)3a(O2-6)6c model with space group symmetry of R3 is chosen for
single phase model refinement. In this model, the Li* in the lithium layer (3b sites) and the TM
layer (3a sites) are considered. Refinement is carried out of the transition metal in the TM layer
and its migration value into the 3b sites in the lithium layer, as well as the oxygen occupancy and
positional parameters of electrode materials during electrochemical cycling at 25°C and 55°C.

(2) Owing to the highly correlated relationship between occupancy and isotropic displacement
parameters (B), all B’s at each sites for pristine and cycled electrodes were restricted to constant
values based on previous studies?,.

(3) For pristine electrodes, all of the profile parameters, lattice parameters, occupancy, site
fraction, and oxygen positional parameters are refined simultaneously.

(4) For the electrodes after the first cycle at 25°C and 55°C, the TM ions at 3a and 3b sites, oxygen
at 6c¢ sites, lattice and profile parameters are simultaneously refined with the restrictions of B and
lithium ion occupancy at 3a and 3b sites. The lithium contents of cycled electrodes were
estimated by the electrochemical capacity with the assumption that all charges were consumed
by the Li* extraction/insertion process, and the lithium vacancies at the 3a and 3b sites were



created at the same rate of lithium occupancy in the pristine material based on Figure 1c and a
previous NMR study on similar LLOs®” 38,

Electron microscopy. All of the electrode materials with different states of charge and discharge
were prepared by a similar method as those for HE-SXRD. After the cells were charged and
discharged at different cut-off voltages, the electrode materials were removed and sealed in
transition containers for further electron microscopy. CSTT specimens were prepared by the argon
ion slicer (ArlS) method?. Atomic-resolution HAADF/ABF STEM images were taken with a 200-kV
ARM-200CF electron microscope (JEOL) equipped with a spherical aberration corrector and a cold
field emission gun3% 4%, The microscope conditions for the atomic-scale analysis were as follows:
the probe-forming aperture semiangle was 24 mrad, and the semiangles of the ABF and HAADF
detectors were 12-24 and 90-370 mrad, respectively.

First-principles calculation. Spin-polarized first-principles calculations were performed
based on density functional theory (DFT). The generalized gradient approximation of
Perdew-Burke-Ernzerhof (GGA-PBE) approach as implemented in the VASP software
package was applied in all calculations**3, The electron wave functions were expanded
with an energy cutoff of 520 eV. Owing to considerations of precision and calculation
time, a supercell of 2 X 1 X 2 (Li2aMn1604g), 2 X 1 X 2 (Li2aMn160ag), and 2 X 1 x 1
(LisMngO24) was used for the calculation of the defect structure of O vacancies in
Li1sMnOs, and Mn migration in the TM layer, Li/TM migration in the Li layer,
respectively. G-point sampling was used for the integration of the irreducible Brillouin
zone. All the structures were fully relaxed, until the energy difference between two self-
consistent steps was less than 10 eV and the force was below 102 eV/A. The diffusion
kinetics of Mn migration in the TM layer and Li/TM migration in the Li layer were
investigated by the climbing image nudged elastic band (CI-NEB) method*?. Both the
initial and final structures were first fully optimized before the CI-NEB calculations.

The formation energy of the defect structure of O vacancies is defined by the following equation:
Ef = ELi1.5Mn03—defect +Ep — ELil.sMn03

where E}; .mno,—defect 1S the total energy of defect Li1sMnOs, Ej is the total energy of a single
O atom in the O; molecule, and Ey;, _yno, is the total energy of pristine Li1sMnOs. A negative Ef
indicates an exothermic process, and a lower value of Er means lower energy of this vacancy
structure, indicating that the vacancy is more stable.
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Figure Legends

Figure 1| Temperature sensitivity of LLO. (a, b) Charge and discharge curves of (a) the first
electrochemical cycle with different activation temperatures (-20, 0, 25, 45, and 55 °C) and (b)
the third electrochemical cycle at 25 °C. All batteries were tested with a current density of 0.1 C
(20 mA g™?) in the voltage range of 2.0-4.8 V. (c, d) Cycle performance with (c) charge and
discharge curves and (d) dQ/dVcurves of an LLO at 25 °C after the initial activation at different
temperatures. ACstands for the capacity difference, and the green dotted lines in (c) and (d) show
the voltage decay and dQ/dV curve variations, respectively.

Figure 2| Li- and temperature-driven average structure evolution of the first cycle. (a, b)
Experimental voltage curves (a) and collected ex situ full HR-SXRD patterns (b) during the first
charge and discharge curves for a Li/Li1.2Mngss7Nio.167C0007802 cell at a rate of C/10 at
temperatures of 25 and 55 °C. (c—e) Enlarged HR-SXRD patterns from (b) of the (c) 26 = 7.5-8.5°
range, (d) 26 = 8.3-12° range, and (e) 26 = 18-21° range, to highlight the average structure
evolution of characteristic Bragg diffraction lines. (f) TM occupancy in Li layer and lattice oxygen
loss at the pristine and discharged states for 25 and 55 °C. (g) Full HE-SXRD and Rietveld
refinement patterns with a two-phase model of the electrodes after the first cycle at 25 °C. (h)
Rietveld refinement results with a two-phase model of the electrodes after the first cycle at 25
and 55 °C. In the above images, C-1 (initial electrodes), C-2 (4.05 V), C-3 (4.4 V), C-4 (~4.5V), C-5
(4.8 V), D-1 (3.5 V), and D-2 (2.0 V) are denoted as the different states of electrodes during the
first charge and discharge. The inset in (g) is the enlarged structure refinement results from the
corresponding figures.

Figure 3| Atomic-resolution crystal structure of the bulk LLO electrodes after the first
electrochemical cycle. (a) Typical large and atomic-resolution HAADF STEM images with 430
nm? area. (b, c) HAADF/ABF STEM images of two enlarged typical regions labeled by the red and
blue lines in (a). The red region stands for the fully densified LiTMO; lattice, while the blue region
stands for the partially densified LITMO; lattice. Yellow lines in the ABF STEM image of (b) show
the densified lattice arrangement along the c axis. Insets in (b) and (c) are the crystal-structure
images of the LiTMO, projected along the [110] direction. (d) Line intensity profiles from point 1
to 2 in the HAADF STEM image of (c). Green arrows in the HAADF STEM image of (c) and line
intensity profiles of (d) indicate the mixed sites of Li and TM. (e) Schematic image of a single



LiTMs unit with Li vacancy. Schematic illustrations of the structure evolution for bulk LLOs in the
first cycle using two-phase model: (f) two structure domains coexist in one crystal, where the left
region marked by the black dotted line shows the Li;MnOs-like domain, while the right region
marked by the blue dotted line presents the LiTMO, domain; (g) two structure domains after the
first cycle at 25 °C; (h) two structure domains after the first cycle at 55 °C, where the region
marked by the red dotted line shows the occupied lithium and oxygen vacant sites. (i)
Liz.sMnOs; model with Li/O vacancies. (j) Mn migration energy barrier from neighboring Mn sites
to the Li vacancy in LiMng unit with and without O vacancies on the basis of the Li;sMnOs; model.

Figure 4| Grain surface structure evolution in the initial electrochemical cycle. Images (a), (c),
(e), and (g) show the microstructures of the crystal surface with pristine, 4.4 V charged, 4.8 V
charged, and 2.0 V discharged states, respectively. Images (b), (d), (f), and (h) show enlarged
HAADF STEM images and simultaneously recorded ABF STEM images obtained from the circled
regions in (a), (c), (e), and (g), respectively. Image (i) shows schematics of the crystal surface
structure evolution during the initial cycle. The yellow dotted lines in (a), (c), (e), and (g) show the
obvious special surface structures in different states. The red circles in (e) show the TM ions in
octahedral sites of the original lithium layer. Insets in (b) and (d) are the crystal-structure images
of the LiTMO,-like structure projected along [100] direction, while insets in (f) and (h) are the
crystal-structure images of the LiMn,0s-type structure projected along the [0T1] direction. The
blue circles in these crystal-structure images stand for the TM ions, while the green circles just
stand for related lithium-ion sites in different crystal structures.

Figure 5| Transition metal ion migration in LLOs. (a) Atomic resolution HAADF STEM image of
the electrode material in the 4.8 V charged state. (b—e) Atomic resolution energy-dispersive
spectroscopy (EDS) of O, Mn, Ni, and Co element in image (a). (f) Diffusion of energy by Ni, Mn,
Co and Li ions in the Li layer. The inset in (f) is the structure model for Li/TM migration in the Li
layer based on LipsMnOs. (g) Migration energy barrier of Co ions in spinel Cos0. between two
neighboring tetrahedral sites. (h) Schematic image of the core—shell model after the initial
electrochemical cycle of LLOs. The image on the left represents the structure inside one particle
of LLO after the first cycle. The core is mostly a monoclinic LiTMO,-like structure and a small
amount of unactivated monoclinic Li;MnQs-like structure, while the shell is mainly aggregated by
the TMO structure and a small amount of disordered-spinel TMsQ4 structure.

Figure 6 | Stable LLOs electrode material design. (a) Initial electrochemical charge and
discharge curves of the 3/7LLO, 5/5LLO, and 7/3LLO electrode materials at 55 °C, respectively.
(b)—(d) Cycle capacity, charge/discharge, and dQ/dV curves of the 3/7LLO, 5/5LLO, and 7/3LLO
electrode materials with a 20 mA g™* current density at 55 °C. (e) Reaction route phase diagram
of four components with Li2MnO3, LiMng 42Ni.42C00.1602, MOz (M = Mn1-4-sNisCop; 0 < 2 £5/12, 0



< B £1/6) and LiMnO,. f-g—C—e, f"—g"'—C—e", and f'—g'-C—e' tie lines stand for the reaction route
pathways of the 5/5LLO, 7/3LLO, and 3/7LLO electrode materials when all of the lithium ions are
extracted, respectively. The point f' is the Jahn—Teller distortion critical point for these electrode
materials compositing with Li,MnO3 and LiMng 42Nio.42C00.1602 components.
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