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Delocalized Li@Mn6 superstructure units
enable layer stability of high-performance
Mn-rich cathode materials

Weiyuan Huang,1 Cong Lin,1,* Jimin Qiu,1 Shunning Li,1 Zhefeng Chen,1 Haibiao Chen,2

Wenguang Zhao,1 Guoxi Ren,3 Xiaoyuan Li,1 Mingjian Zhang,1 and Feng Pan1,4,*
THE BIGGER PICTURE

Cost-effective and non-toxic Li-

excess Mn-rich layered oxide

(LMRO) is one of the most

promising cathodes for next-

generation lithium-ion batteries,

but unfortunately, it suffers from

severe structural instability.

Herein, we propose and validate

the delocalization of the Li@Mn6
superstructure units within the

transition-metal (TM) layers as a

structural modification strategy to

achieve a stable LMRO cathode.

Owing to such a structural feature,

various issues such as intralayer/

interlayer Mn migration, Mn

dissolution, and, more impor-

tantly, the anionic redox activity

and irreversible phase transition

have all been effectively inhibited.

This leads to higher electrochem-

ical performance than that of

commercial Ni- and Co-based

cathodes. This work reveals the

significance of local structure and

also suggests an approach to

improve the LMRO stability,

providing ideas for the future

development of layered

cathodes.
SUMMARY

The search for cathode materials with high energy density, long-
term cycling stability, and low cost is one of themost important chal-
lenges for current lithium-ion batteries. To address the structural
instability in Mn-rich layered cathodes, we demonstrate herein
through thorough experimental and theoretical studies that deloc-
alizing Li@Mn6 superstructure units within transition-metal layers
is an effective strategy to enhance the layer stability of a Li-excess
Mn-rich layered oxide (LMRO) cathode. The delocalized Li@Mn6 su-
perstructure units can not only increase theMn valence to inhibit the
adverse Jahn-Teller effect but also harness the anionic redox activity
with suppressed O–Mn0 species. Benefited from its stable layered
structure, the LMRO cathode can retain a high capacity and energy
density of 251 mA h g�1 and 791 W h kg�1, respectively, after 100
cycles with nearly 100% retention. This work provides a feasible
route to develop the high-performance layered cathodes with sta-
ble anionic redox chemistry.

INTRODUCTION

The burgeoning market of the grid-scale energy storage systems and electric vehi-

cles has been rapidly expanding in recent years and demanding novel cathode ma-

terials with the strengths of high energy density, long-term cycling stability, and low

cost.1–3 The widespread layered oxide cathodes in today’s commercial lithium-ion

batteries (LIBs) are either LiCoO2 (LCO) or Ni-rich Li[NixCoy(Al or Mn)1�x�y]O2

(NCA or NCM, respectively), but unfortunately, these materials both suffer from

the high cost of the Co due to its limited reserve, insufficient capacity, and poor cy-

clic stability.4–8 To address the cost issue, the Co-less cathode systems are being

widely explored recently.9,10 Among the alternative transition metals (TMs), Mn is

by far the most attractive, since it is not only remarkably cheaper than Co at a tenth

of the cost but also free of toxicity,11,12 and hence, the Mn-rich layered oxides have

aroused great research interest.

Two representative Mn-rich layered oxide cathodes have been explored. One is the

stoichiometric layered LiMnO2 with a structure similar to the aforementioned LCO,

NCA, or NCM but is thermodynamically unstable and rather difficult to directly syn-

thesize.13,14 The edge-sharing MnO6 octahedra in the TM layers of LiMnO2 are high-

ly unstable because of the Jahn-Teller (J-T) distortion from the Mn3+ ions, leading to

the adverse structural transformation upon electrochemical cycling. For instance,

Bruce’s group reported a LiMnO2 prepared by ion exchange from the layered

NaMnO2 precursor offering a high initial capacity of �200 mA h g�1.15 However,
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Figure 1. Impact of Li@Mn6 superstructure units on layer stability

(A) Layered structure evolution of Li2MnO3 with localized Li@Mn6 superstructure units during

cycling.

(B) Layered structure evolution of LMRO with delocalized Li@Mn6 superstructure units during

cycling.
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the J-T distortion of the Mn3+O6 octahedra triggered an undesirable transition from

the layered structure to the spinel phase upon cycling, resulting in the fast capacity

decay. Therefore, the stoichiometric LiMnO2 does not seem to be a promising cath-

ode for LIBs.

Another option is the Li-excess Li1+xMn1�x�yMyO2 (M = Ni, Co) material, such as

Li2MnO3, Li1.2Mn0.54Ni0.13Co0.13O2, and Li1.2Mn0.6Ni0.2O2, where the excess Li

ions are locally confined within the TM layers in form of the Li@Mn6 superstructure

units (yellow hexagons in Figures 1 and S1A), i.e., one LiO6 octahedron encircled

by six MnO6 octahedra arranging in a hexagonal pattern. Such superstructure units,

in terms of structure, can induce the so-called superlattice peaks in the 20�–30�

range of powder X-ray diffraction (XRD) that are subject to the actual stacking faults

and the degree of Li/Mn ordering with the Li concentration in the TM layers (Fig-

ure S1B), making them commonly convoluted into asymmetric broad peaks with

low intensity in real XRD patterns (Figures S1C–S1E).16–20 In these Li-excess

Mn-rich layered cathodes, extra capacity can be unleashed by the anionic redox of

the O in addition to the Mn redox (Figure 1A).21–23 Despite the presence of excess

Li, which can raise the initial Mn oxidation state to +4 to circumvent the J-T

effect,24–27 these O3-type layered compounds nonetheless undergo structural evo-

lution during the electrochemical process. Specifically, in these Li-excess layered

oxides, the coordination environment around the O atom is typically set by two

Li–O–Mn and one Li–O–Li configurations (Mn2Li–O–Li3). Unfortunately, the unhybri-

dized O 2p state in the Li–O–Li link is more easily oxidized during charging than the

hybridized counterpart due to its higher energy and will thus lead to the uncontrol-

lable anionic redox activity.28 As shown explicitly in Figure 1A, Li ions in the TM layers

are extracted upon charging, causing the formation of abundant vacancies that facil-

itate the Mn-ion migration both into the Li slabs (interlayer migration) and within the

TM layers (intralayer migration). Migration of the Mn ions results in not only the

irreversible transition to the spinel-like phase and the destruction of the Li@Mn6
superstructure units but also more seriously the formation of the O–Mn0 species

within the larger vacancies after rearrangement. As a result, gaseous O loss from

the structure and, further, the structural degradation will take place during the

long-term cycling.29,30 Xia’s group reported an O3-type layered cathode,

Li0.700[Li0.222Mn0.756]O2, whose Li and Mn within the TM layers are disorderly ar-

ranged because of the absence of the superlattice peaks in its XRD pattern (Fig-

ure S1F).31 This Li/Mn disordering modulates the O redox activity and the Li-ion

extraction behavior, which improves the structural stability with mitigated J-T
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distortion and leads to the enhanced electrochemical cycling performance (�80%

capacity retention after 100 cycles at 1C [1C = 250 mA g�1]). Previous studies

have shown that the O2-type layered structure can inhibit the irreversible Mn migra-

tion during cycling, thus improving the cyclic stability to some extent. However,

these reported O2-type Mn-rich layered cathodes still have unsatisfactory cyclic sta-

bility after the long-term cycles, with the capacity retention such as �74% after 40

cycles at C/50 for the Li0.83[Li0.2Ni0.2Mn0.6]O2
32 and �66% after 50 cycles at C/20

for the Li1.25�yMn0.5Co0.25O2.
33 Thus, there are still challenges to design the Li-

excess Mn-rich layered oxides (LMROs) with suppressed irreversible phase transition

along with O2 release, Mn dissolution, and the resultant continuous voltage and ca-

pacity deterioration after the long-term cycling, which seriously impedes their prac-

tical applicability.34–36

Based on the origin of the structural instability mentioned above, one could identify

that the TM–O layer stability related to the Li@Mn6 superstructure units is the key

toward the structural and electrochemical stability of the LMROs. Recently, Cho’s

group demonstrated that the excess-Li segregation forming the edge-sharing

Li@Mn6 superstructure units, like in Li2MnO3, would, unfortunately, trigger the elec-

trochemical irreversibility due to the reduced Mn–O covalency and excessive O

oxidation upon cycling.37,38 Therefore, dispersing the Li@Mn6 superstructure units

within the TM layers is proposed as a feasible strategy to stabilize both the structure

and electrochemistry of the Li-excess Mn-rich layered cathodes, which is different

from the Li/Mn disordering scenario reported by Xia et al.31 As illustrated in Fig-

ure 1B, despite the reduced Li content within the TM layers, the delocalized

Li@Mn6 superstructure units dispersedly arranged in the LMROs are expected to

ensure a more reversible and stable structure since both the interlayer and intralayer

Mn migration and the O loss during cycling can be significantly suppressed due to

the spatial separation of the charge-induced vacancies.

By subtly introducing the Li@Mn6 superstructure units into the LiMnO2 host to miti-

gate the J-T distortion from theMn3+O6 octahedra and to stabilize the latticeMn and

O, we herein report an O3-type LMRO, Li0.78Mn0.85Ni0.04O2, with delocalized

Li@Mn6 superstructure units within the TM layers and pristine Li deficiency in the al-

kali metal (AM) layers. This cathode material exhibits the stable Li@Mn6 superstruc-

ture units that can be surprisingly retained without Mn dissolution even after the

long-term cycling, and the anionic redox activity is thus inhibited with effectively

suppressed O2 release. Hence, originating from the enhanced layer stability, the

LMRO cathode delivers a high capacity of 251 mA h g�1 with the corresponding en-

ergy density of 791 W h kg�1 and almost 100% retention even after 100 cycles in the

voltage window of 2.0–4.8 V. Further widening the voltage range to 1.5–4.8 V, an ul-

trahigh capacity of 329 mA h g�1 and an energy density of 937 W h kg�1 with over

88% retention after 100 cycles can also be achieved. Our work successfully demon-

strates that delocalization of the Li@Mn6 superstructure units should be a feasible

strategy in suppressing the adverse J-T effect of the Mn3+O6 octahedra and stabiliz-

ing the lattice Mn and O in the Mn-rich layered cathodes for realizing high-perfor-

mance LIBs.
RESULTS

Structure characterization

The LMRO cathode material was prepared by an ion-exchange method from the

P3-type layered sodic precursor (see supplemental information; Figure S2). Scan-

ning electron microscopy (SEM) reveals that the LMRO product contains the
Chem 8, 2163–2178, August 11, 2022 2165



Figure 2. Structural characterization of LMRO

(A) STEM image and corresponding EDS mapping of Mn (red), Ni (yellow), and O (green). Scale

bars, 20 nm.

(B) Rietveld XRD refinement (inset showing the layered oxide structure along the [110] direction).

(C) HAADF-STEM image along the [001] zone axis (insets showing the corresponding FFT pattern

and Li@Mn6 superstructure units highlighted by the yellow hexagons). Scale bars, 1 nm.

(D) HAADF-STEM image along the [100] zone axis (insets showing the corresponding FFT patterns

and structures). Scale bars, 2 nm.
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spherical particles of 1–2 mm comprising nanoscale primary particles (Figure S3). En-

ergy-dispersive X-ray spectroscopy (EDS) mapping clearly validates that the compo-

sitional Mn, O, and minor Ni elements are uniformly distributed throughout the par-

ticles (Figure 2A). Quantitative elemental composition of LMRO was analyzed by the

inductively coupled plasma-atomic emission spectroscopy (ICP-AES, Table S1), and

the obtained chemical formula of Li0.78Mn0.85Ni0.04O2 confirms the Mn-rich and Li-

deficient nature. To explore the intrinsic structure, Rietveld refinement against the

XRD pattern of LMRO was conducted, and it reveals the typical layered oxide frame-

work with the R-3m space group (Figure 2B; Tables S2 and S3). Noticeably, in the

LMRO formula, there is only 0.11 Li+ in the TM layer (3a site) and 0.67 Li+ in the

AM layer (3b site). In addition, an unindexed peak at �20.8� is also observed and

identified as the superlattice peak, which specifies the presence of the Li/Mn

ordering, i.e., the Li@Mn6 superstructure units, in the TM layers and indicates the

fundamental difference in structure between LMRO and previous reported

Li0.700[Li0.222Mn0.756]O2 with disordered Li/Mn arrangement.31 Additionally, the

Li@Mn6 superstructure units are not affected by the Ni doping, as LMRO and its con-

trols without and with more Ni dopant (Li0.78Mn0.89O2 and Li0.78Mn0.85Ni0.08O2, de-

noted as LMRO-Ni0 and LMRO-Ni0.08, respectively) all possess identical superlattice

peaks (Figures 2B and S4A). To obtain more detailed LMRO structural information at
2166 Chem 8, 2163–2178, August 11, 2022
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the atomic scale, high-angle annular dark-field scanning transmission electron mi-

croscopy (HAADF-STEM) was employed to enable the direct observation of both

the intralayer and interlayer atomic arrangements. As shown from the [001] zone

axis with several stacked TM-oxide layers in Figure 2C, due to the obvious contrast

between Li and Mn, the Li@Mn6 superstructure units can be visually identified and

found to be distributed in the delocalized form rather than a localized one as existed

in the Li2MnO3 (Figure 1). The O3-type layered structure of LMRO is also visualized

from the [100] zone axis with the interlayer spacing of �4.79 Å that corresponds to

the (003) lattice plane (Figure 2D), further confirming the results from XRD refine-

ment. Besides, a spinel-like phase layer with a thickness of �2 nm is discovered on

the surface of the bulk layered phase, as confirmed by the fast Fourier transform

(FFT) pattern (insets in Figure 2D). This might be induced by the minor Ni dopant

because LMRO-Ni0 without Ni doping does not exhibit such surface spinel-like

phase, whereas LMRO and LMRO-Ni0.08 do (Figures 2D, S4B, and S4C). Overall,

LMRO possesses the typical layered oxide structure with delocalized Li@Mn6 super-

structure units, which are thought to cast a meaningful impact on both the structural

and electrochemical stabilities.

Electrochemical performance

The electrochemical performance of the LMRO cathode was evaluated by assem-

bling the 2032-type coin cell with Li metal as the anode (see supplemental informa-

tion). The voltage-capacity profiles for the initial two cycles in the voltage range of

2.0–4.8 V at 0.1C (1C = 250 mA g�1) are displayed in Figure 3A. Although LMRO

only delivers a capacity of �170 mA h g�1 in the 1st charge, a much higher capacity

of over 250 mA h g�1 is achieved in the subsequent discharge process. A prelithia-

tion treatment, i.e., firstly discharging to 2.0 V, was also conducted, and it leads to a

much higher charge capacity of �275 mA h g�1 together with a high Columbic effi-

ciency (CE) of�90% in the 1st cycle (Figure S5A). Combining these results, it is readily

to note that the extra charge capacity is mainly derived from the voltage below 3.3 V

but not the plateau above 4.5 V, further confirming the Li-deficient feature of LMRO

with vacancies in the AM layers and in consistency with the synthesis recipe and ICP-

AES formula. Previously reported Li-rich manganese layered oxides, for instance,

Li0.700[Li0.222Mn0.756]O2 and Li1.20Mn0.56Co0.16Ni0.08O2, usually exhibit a 1st-charge

capacity of �200 mA h g�1 with a prolonged voltage plateau above 4.5 V, which

is attributed to the oxidation of the lattice oxygen from O2� to the O�/O2
2� or O2

gas.31,39,40 In sharp contrast, the plateau above 4.5 V in the LMRO charge curve is

much shorter than that reported by Xia et al. to contribute less than 100 mA h g�1

capacity (Figures 3A and S5A), suggesting the limited anionic redox activity.

When compared with the commercial LCO and NCM811 (LiNi0.8Co0.1Mn0.1O2) cath-

odes cycled in the common voltage range of 3.0–4.5 and 2.7–4.3 V at 0.1C, respec-

tively, LMROprovides an energy density of 807W h kg�1 that is larger than these two

opponents (Figure 3B). To unravel the electrochemical behaviors of the LMRO cath-

ode during the charge/discharge process, cyclic voltammetry (CV) with the scan rate

of 0.1 mV s�1 was employed, and the result is shown in Figure S5B. The oxidation

peak at �4.7 V in the 1st positive scan can be assigned to the activation process

(marked by the orange arrow in Figure S5B),41,42 which becomes weaker in the

following cycles, whereas the strongest peaks occur near 3 V, corresponding to

the Mn3+/Mn4+ redox pair. In summary, these results indicate that the high capacity

of LMRO is related to the Mn3+/Mn4+ redox reaction with limited anionic redox

activity.

Detailed electrochemical characterization demonstrates that the LMRO cathode

possesses the remarkable specific capacity, energy density, and cycling stability.
Chem 8, 2163–2178, August 11, 2022 2167



Figure 3. Electrochemical performance of LMRO

(A) Voltage-capacity profiles for the initial two cycles in the voltage range of 2.0–4.8 V at 0.1C.

(B) Comparison of the voltage-capacity profiles at 0.1C between LCO, NCM811, and LMRO.

(C) Long-term cycling capacity and energy density as cycled in the voltage range of 2.0–4.8 V

at 0.1C.

(D) Long-term cycling capacity and energy density as cycled in the voltage range of 2.0–4.8 V

at 0.2C.
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The rate performance of the LMRO cathode was firstly evaluated from 0.1C to 20C

in the voltage range of 2.0–4.8 V. As shown in Figure S5C, a high capacity of

�250 mA h g�1 is measured at 0.1C and retained after the test, whereas the capacity

values at the specific 0.5C, 1C, and 2C are 187, 163, and 132 mA h g�1, respectively.

As regards the long-term cycling performance, when cycled in the voltage range of

2.0–4.8 V at 0.1C, LMRO delivers a reversible capacity of 241 mA h g�1 (correspond-

ing to the energy density of 792 W h kg�1) and retains a rather high capacity of

251 mA h g�1 (corresponding to the energy density of 791 W h kg�1) even after

100 cycles (Figure 3C), along with a small drop in the average discharge voltage of

�0.11 V (corresponding to�0.0011 V per cycle) (Figures S5D–S5F). The slight capac-

ity increase indicates a slow but continuous activation process during cycling. The

diffusion coefficients of LMRO when cycled in the voltage range of 2.0–4.8 V at

0.1C were determined from the discharge branch of the galvanostatic intermittent

titration technique (GITT) data (Figure S6), and their values are mostly close to

10�12 cm2 s�1. Further increasing the rate to 0.2C, an initial capacity of

215 mA h g�1 (corresponding to the energy density of 700 W h kg�1) and an even

higher capacity of 223 mA h g�1 (corresponding to the energy density of

707 W h kg�1) after 100 cycles can also be provided by LMRO (Figure 3D), which

only starts to decay after�130 cycles and reaches the decent�180mAhg�1 capacity

(corresponding to the capacity retention of 83.7% and an energy density of

541 W h kg�1) after 200 cycles with the total drop in the average discharge voltage

of �0.19 V (corresponding to �0.00095 V per cycle) (Figure S7).22,32,33,42,43 More-

over, it is remarkable that at 0.1C and 0.2C, there is virtually no decay in capacity

or average voltage after 100 cycles. In order to further verify its potential use in prac-

tical batteries, the LMRO cathode was assembled into full cells using lithiated SiOx as

the anode (see supplemental information). As shown in Figure S8, when cycled in the
2168 Chem 8, 2163–2178, August 11, 2022
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voltage range of 1.8–4.7 V at 0.2C, two full cells employing the LMRO cathode both

show decent cyclic stability with nearly 100% retention after long-term cycling, deliv-

ering high capacities of �222 and �227 mA h g�1 after 120 and 70 cycles,

respectively. When the voltage window is broadened to 1.5–4.8 V, a new discharge

plateau appears at �1.7 V in the LMRO discharge, which is ascribed to the extra Li+

inserting into the tetragonal sites within the Li slabs and contributes to the capacity of

�95 mA h g�1 at 0.2C (Figure S9A).44,45 Consequently, an ultrahigh capacity of 329

mA h g�1 (corresponding to the energy density of 937 W h kg�1) is achieved impres-

sively, which is even retained at 289mAhg�1 (corresponding to the energy density of

811Wh kg�1) with a high capacity retention of 88% (energy density retention of 87%)

after 100 cycles (Figure S9B). The superior cycling stability strongly implies the high

structural stability of LMRO during the electrochemical process.

When comparing the electrochemical performance of LMRO with its controls,

LMRO-Ni0 allows a somewhat lower cycling capacity, whereas LMRO-Ni0.08 delivers

a substantially smaller one (Figure S10). This indicates that more Ni dopant is detri-

mental to capacity and LMRO exhibits the optimal electrochemical performance. For

further comparison, another two representative Mn-rich layered cathodes, i.e.,

Li2MnO3 and Li0.7MnO2, were also synthesized and characterized structurally and

electrochemically (see supplemental information). As shown in Figures S11A and

S11B, although the Li2MnO3 and Li0.7MnO2 products both possess the typical

layered oxide structure as verified by their XRD patterns, their atomic arrangements

in the TM layers are totally different from that of LMRO: localized Li@Mn6 superstruc-

ture units are implied by the strong superlattice peaks in Li2MnO3 (marked by the red

frame in Figure S11A), whereas the Li@Mn6 superstructure units are completely ab-

sent in Li0.7MnO2 as suggested by the lack of the superlattice peaks (marked by the

red-dotted frame in Figure S11B) and the Li-deficient formula. The different

structures are expected to bring diverse electrochemical performance. The

capacity and energy density provided by these reference materials when cycled

in the voltage range of 2.0–4.8 V at 0.2C are much lower and rapidly degraded

accompanied with distinct voltage decay (Figures S11C–S11E). Besides the above

Li2MnO3 and Li0.7MnO2 opponents, other Li-rich Mn-based layered cathodes previ-

ously investigated, such as Li1.2Mn0.54Ni0.13Co0.13O2, Li1.03Mn0.6Ni0.2O2, and

Li1.080Mn0.503Ni0.387Co0.030O2, all suffer from the severe deterioration in the electro-

chemical performance.32,46–48 By sharp contrast, the LMRO cathode can retain both

the high and stable capacity and energy density after the long-term cycling, much

superior to most of the reported layered oxide cathodes likely owing to its inherently

stable layered structure (Table S4).32,47,48

Structure and chemical state evolution during cycling

To obtain a convincing correlation between the excellent electrochemical perfor-

mance and the structure of LMRO, mechanism studies were then conducted in

depth. In-situ synchrotron high-energy XRD (HEXRD) was firstly used to track the

structural changes of the first two charge/discharge cycles in the voltage range

of 2.0–4.8 V at 0.25C. The time-voltage profile and the evolution of three major

peaks are shown in Figure 4A. All the peaks evolve smoothly and are in good

agreement with the time-voltage profile. In a quantitative analysis, the cell param-

eters of LMRO are extracted to show their evolution as presented in Figure 4B.

During the charge and discharge processes, the lengths of the a-axis and c-axis,

as well as the cell volume (V), are all decreased and increased, with their changes

estimated to be only 1.9% and 2.2%, respectively, thus implying a stable LMRO

structure. As Li+ is extracted from LMRO, oxidation of the O2� and TM species oc-

curs and results in a decrease of both the electrostatic repulsion due to the
Chem 8, 2163–2178, August 11, 2022 2169



Figure 4. Structural and chemical state evolution of LMRO during cycling

(A) In-situ synchrotron HEXRD contour patterns showing three typical peaks with the corresponding

time-voltage profiles for the initial two cycles in the voltage range of 2.0–4.8 V at 0.25C (red arrow

indicating the strong signal from the Al current collector).

(B) Extracted variations in a-axis and c-axis length and cell volume from (A).

(C) Ex-situ XRD patterns after the 1st and 20th cycle in the voltage range of 2.0–4.8 V at 0.1C.

(D) Ex-situ O K-edge XAS spectra collected in the TFY mode for the 1st charge to 4.8 V at 0.25C

(inset showing the enlarged region of 529.5–532 eV).

(E) In-situ Raman spectra for the 1st charge to 4.8 V at 0.12C.

(F) In-situ DEMS curves for the initial two cycles in the voltage range of 2.0–4.8 V at 0.25C.
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decreased charge density of the adjacent O layers and the TM–O bond length in

the TM layers. As a result, the a-axis and c-axis of LMRO decrease while charging.

Upon discharge, Li+ inserts back into both the AM and the TM layers, and the

a-axis and c-axis are thus expanded and completely recovered. Besides, during

the charge/discharge process, no new Bragg peak appears, implying the high

structural reversibility of LMRO. These results are also well backed up by

the high-resolution transmission electron microscopy (HRTEM) and the HAADF-

STEM of the LMRO at the 1st discharge state, clearly indicating the well-maintained

O3-type layered structure with slightly increased interlayer spacing (Figures S12A

and S12B) as well as the well-preserved delocalized Li@Mn6 superstructure units

within the TM layers (Figure S12C). The ex-situ XRD pattern after 20 cycles also
2170 Chem 8, 2163–2178, August 11, 2022
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confirms this, as it is almost identical to that after the 1st cycle (Figure 4C). More

importantly, the superlattice peak is also well retained, indicating the preservation

of the Li@Mn6 superstructure ordering in the TM layers as well as the suppressed

Mn migration, which is superior to those reported Mn-rich layered cathodes with

the superlattice peaks vanishing after just the 1st cycle.18,49–52 In addition, the

LMRO-Ni0 control after 20 cycles also possesses a similar XRD pattern with the

superlattice peak well preserved (Figure S13), specifying again that the Li@Mn6 su-

perstructure unit is an intrinsic structural property that is unaffected by Ni doping.

This is an important proof for the stability of the LMRO structure, which results in

the enhanced electrochemical stability.

The cationic and anionic redox behaviors of LMRO during the 1st electrochemical cy-

cle in the voltage range of 2.0–4.8 V were subsequently investigated by the X-ray

spectroscopic techniques, including the soft X-ray absorption spectroscopy (XAS),

the X-ray photoelectron spectroscopy (XPS), and the Raman spectroscopy. As the

ex-situ XAS spectra collected in the total electron yield (TEY) mode shown in Fig-

ure S14A, the pristine LMRO at the open-circuit voltage (OCV) possesses two major

Mn L3-edge absorption peaks located at�643.2 and�640.7 eV and one weak shoul-

der peak at �641.7 eV, which indicates the dominance of Mn4+ and the presence of

few Mn3+, respectively.53–55 When charged to 4.5 V and above, the weak shoulder

peak disappears, whereas the other strong peaks are maintained, implying the com-

plete oxidation of Mn3+ toMn4+ and further the absence of Mn oxidation beyond the

4+ valence state. The ex-situ Mn 2p XPS spectra confirm the Mn redox since the Mn

2p2/3 peak gradually moves to higher binding energy during charge and to lower

binding energy during discharge, corresponding to the oxidation of Mn3+ to Mn4+

and the reduction of Mn4+ to Mn3+, respectively (Figure S14B). Although Ni also ex-

hibits the similar redox behaviors as Mn, its XPS signal is much weaker due to the low

concentration (Figure S14C). This is different from the Li0.700[Li0.222Mn0.756]O2 cath-

ode, whose 1st-charge compensation is predominantly provided by the redox of O

rather than the TMs.31With respect to the anionic O redox, the ex-situOK-edge XAS

was firstly employed and collected in the total fluorescence yield (TFY) mode to pro-

vide the transitions between the fully occupied O 1s and the empty orbitals above

the Fermi level. The O K-edge XAS of the pristine LMRO at the OCV is dominated

by two regions, as illustrated in Figure 4D. One is the broad band (>535 eV) involved

with the transitions from O 1s to the Mn 4sp and O 2p orbitals (Mn4sp-O2p), which is

composed of two peaks located at �538 and �542 eV and derives from the octahe-

dral coordination environment.41,56 The other is the lower-energy pre-edge region

(<535 eV) with a major peak located at �529.6 eV and a sub-peak at �532 eV, which

corresponds to the transitions from O 1s to the hybridized Mn 3d and O 2p orbitals

(Mn3d-O2p) and is the region of most interest.43,57 Due to the nearly identical pre-

edge O XAS with that at the OCV when charged to 4.5 V, no noticeable change in

the O chemical state can be observed, which implies the occurrence of only the Li

extraction and very little Mn3+ oxidation. When the charge voltage is increased to

4.62 and 4.8 V, a small shoulder peak appears at �531 eV (highlighted by the red

arrow in the inset of Figure 4D); this indicates the increase in the density of unoccu-

pied states of O and cannot be attributable to the additional unoccupied states

based on Mn because its L-edge XAS and XPS spectra reveal no evidence for further

oxidation of the Mn4+ (Figures S14A and S14B).41,58 Therefore, these additional un-

occupied states should be correlated with the holes primarily in the O 2p orbitals to

form the oxidizedO� species, thus directly demonstrating the high oxidation state of

the anionic O� formation upon high voltages, which was later proved by the ex-situ

O 1s XPS spectra. As shown in Figure S14D, the O 1s XPS peak located at�529.5 eV

is ascribed to the lattice O2�, and after charging to 4.8 V, a new peak at �530.3 eV
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emerges and is attributed to the oxidized O� species, whereas the broad peaks with

higher binding energies at�531.8 and�533.7 eV are linked to the oxidized deposits

and electrolyte decomposition, respectively.

To better visualize the anionic O redox behavior of LMRO during charge to 4.8 V,

the powerful in-situ Raman spectroscopy was employed as the probe for the

O-related species, especially for the oxidized O�, and the results are displayed

in Figure 4E. Prior to charge, the pristine LMRO at the OCV possesses two distinct

bands in the Raman spectrum (Figure 4E), namely the typical Eg and A1g modes,

which are assigned to the d(O–Mn–O) vibrations located at �480 cm�1 and the

overlapped stretching of the v(MnO6) at �594 cm�1 with a shoulder peak at

�644 cm�1, respectively,22,43,59,60 whereas another small shoulder peak arises at

�550 cm�1 that may be derived from the Li@Mn6 superstructure units.59 These

Raman peaks remain nearly unchanged when charged to �4.6 V, but then the

background of the Raman signals is observed to increase as the charge voltage

rises.60 Remarkably, a new peak at �847 cm�1 emerges at �4.64 V within the

typical peroxo O�–O� stretch region (700–900 cm�1), which is assigned to the per-

oxo O�–O� bond and further increases during charging to 4.8 V (highlighted by

green block in Figure 4E).41,43,61 This is the direct visualization of the anionic O

redox and agrees well with the above results from O K-edge XAS (Figure 4D)

and O 1s XPS (Figure S14D). Furthermore, formation of the peroxo O�–O� bond

with a relatively short bond length tends to be along the c-axis (not in the ab plane)

because of the decreasing trend in the c-axis length during the high-voltage

charge (Figure 4B).62

The gas evolution in the first two cycles (2.0–4.8 V, 0.25C) was then tracked using the

in-situ differential electrochemical mass spectrometry (DEMS). Figure 4F shows that

an obvious CO2 peak is detected above 4.5 V in the 1st cycle, but only a weak CO2

signal is observed in the subsequent process. The release of the CO2 in the early cy-

cles is the product of the decomposition of the carbonates in the electrolyte.

Furthermore, despite the observations of the anionic O redox from the spectra of

XAS (Figure 4D), XPS (Figure S14D), and Raman (Figure 4E), no apparent O2 release

is recorded during the first two cycles, indicating the high O stability and the limited

anionic redox activity in the LMRO cathode. In contrast, stronger and persistent CO2

and O2 signals are detected from Li2MnO3 during charging to 4.8 V (Figure S15A),

corresponding to the electrolyte decomposition and the lattice O loss, respectively.

As for Li0.7MnO2, a strong CO2 signal can be observed even at the beginning of

charging (Figure S15B). Comparison between the above DEMS measurements ver-

ifies that LMRO possesses a more stable structure with fewer side reactions during

cycling. In short, these findings from the combined X-ray spectroscopies (XAS and

XPS), Raman spectroscopy, and DEMS confirm the stable anionic redox of LMRO

upon cycling.

Long-term cycling stability

The dQ/dV profiles for the individual 10th, 20th, 50th, 70th, and 100th cycle in the

voltage range of 2.0–4.8 V at 0.2C are plotted in Figure 5A to analyze the changes

in the electrochemical behavior of the LMRO cathode. The positions of the reduction

peaks at �4.0, 3.2, and 2.9 V and the oxidation peaks at 3.0, 3.8, and 4.5 V remain

stable, although the shape of the peaks sharpens, implying the constant electro-

chemical behavior. The layered phase is well retained in the LMRO cathode after

100 cycles in both the 2.0–4.8 V and 1.5–4.8 V voltage ranges, as shown by the

XRD patterns (Figure S16A) and the ample HRTEM images with the clean bulk lattice

fringes (Figures S16B–S16F). However, a drop in the superlattice peak intensity after
2172 Chem 8, 2163–2178, August 11, 2022



Figure 5. Long-term cycling stability of LMRO

(A) The dQ/dV profiles for the individual 10th, 20th, 50th, 70th, and 100th cycle in the voltage range of

2.0–4.8 V at 0. 2C.

(B) HRTEM image after 100 cycles in the voltage range of 2.0–4.8 V at 0. 2C (insets showing the

corresponding FFT patterns). Scale bars, 5 nm.

(C) XPS result of Mn 2p after 100 cycles in the voltage range of 2.0–4.8 V at 0. 2C (inset showing the Li

anode after 100 cycles).

(D) EIS curve after 100 cycles in the voltage range of 2.0–4.8 V at 0.2C (inset showing the equivalent

circuit).
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the long-term cycling could indicate the gradual loss of the delocalized Li@Mn6 su-

perstructure ordering, which may bring instability for both the structure and the elec-

trochemical performance. Meanwhile, similar to the pristine LMRO (Figure 2D), FFT

pattern reveals the existence of the minor spinel-like phase on the surface of the bulk

layered structure even after 100 cycles (Figure 5B). The Li anode extracted from the

coin cells cycled for 100 cycles retains its metallic luster (inset in Figure 5C), and no

Mn signal can be detected on its surface using XPS (Figure 5C). In addition, ICP-AES

results of the LMRO cathode after 100 cycles also show no change in the Mn/Ni ratio

(Table S5), which is consistent with the XPS data and strongly confirms the absence

of Mn dissolution. In brief, results from the qualitative and quantitative characteriza-

tions after 100 cycles are similar to those from the fresh cathode, demonstrating the

excellent structural stability of LMRO during the long-term cycling. Furthermore, the

resistance of the LMRO cathode after 100 cycles was investigated using the electro-

chemical impedance spectroscopy (EIS, Figure 5D) to deconvolute the Rs from the

electrode, electrolyte, and separator, the interfacial resistance Rsurf, and the charge

transfer resistance Rct. The profile fitting results indicate that the values of Rs, Rsurf,

and Rct are 8.8, 3.9, and 7.2 U, respectively, which are also far smaller than those

of Li2MnO3 and Li0.7MnO2 after 100 cycles (Figure S17). Moreover, after 200 cycles

in the voltage range of 2.0–4.8 V at 0.2C, despite the well-maintained bulk layered

structure, a transition from the layered to the spinel-like phase as indicated by the

lattice fringes and FFT patterns is observed on the LMRO surface due to the
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Figure 6. Theoretical study of Li@Mn6 superstructure units on layered stability

(A) Mn migration energy of excess-Li localized Li16Mn8O24 (Li2MnO3) after delithiation (inset showing the Mn interlayer and intralayer migration).

(B) Mn migration energy of excess-Li delocalized Li13Mn11O24 after delithiation (inset showing the Mn interlayer and intralayer migration).

(C) E(bond) energy of excess-Li localized Li16Mn8O24 (Li2MnO3) and excess-Li delocalized Li13Mn11O24 after delithiation.
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thickened spinel-like phase region (Figure S18). This is speculated to be induced by

the loss of the Li@Mn6 superstructure ordering after 100 cycles (Figure S16A) and the

accumulated interfacial side reactions of the electrolyte decomposition at high volt-

ages and is responsible for the gradual decay in the electrochemical performance

after �130 cycles (Figure S7A). Therefore, the combination of the above abundant

structural and electrochemical findings strongly indicates that delocalization of the

Li@Mn6 superstructure units within the TM layers is indeed a practicable strategy

for stabilizing both the structure and electrochemistry of the Li-excess Mn-rich

layered cathodes, whose ordering loss will, unfortunately, contribute to the adverse

structural transition and further the electrochemical degradation.
Theoretical study

To correlate the LMRO’s enhanced electrochemical performance with its stable

structure, we further carried out theoretical studies to quantitatively investigate

the impact of the localized/delocalized Li@Mn6 superstructure units on the Mn

migration and O loss of the LMROs (see supplemental information). To begin

with, we constructed and optimized a Li2MnO3 supercell (Li16Mn8O24) with the

O3-type layered structure and excess-Li localized Li@Mn6 superstructure units,

and then calculated the interlayer and intralayer migration energies for individual

Mn after full delithiation. The small energy barriers and down-hill energy sloping pre-

sented in Figure 6A clearly indicate that there is little resistance for the interlayer and

intralayer Mn migration in the excess-Li localized Li2MnO3 structure, well explaining

the origin of the deteriorated structure and electrochemical performance (Fig-

ure S11). For comparison, anO3-type supercell (Li13Mn11O24) with excess-Li delocal-

ized Li@Mn6 superstructure units constructed by replacing 1/12 Mn with Li in

the LiMnO2 structure was also employed and similarly investigated. The calculated

energy barriers for its interlayer and intralayer Mn migration are obviously larger,

suggesting that the Mn migration is much more difficult in the excess-Li delocalized

Mn-rich layered structure (Figure 6B).

The E(bond) energy directly related to the O loss behavior after full delithiation was

calculated using the following equation.

EðbondÞ = E
�
LixMnyO23

�
+
1

2
� EðO2Þ � E

�
LixMnyO24

�
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The results clearly show that O loss occurs muchmore easily in the excess-Li localized

Li2MnO3, whereas rather difficult in the Li13Mn11O24 with excess-Li delocalized

Li@Mn6 superstructure units (Figure 6C), and the few Ni dopant does basically not

affect the calculation results (Figure S19). These theoretical studies are also capable

to match well the extensive structural and electrochemical characterizations elabo-

rated above. Therefore, from theoretical aspects, delocalization of the excess Li

and further the Li@Mn6 superstructure units is indeed an effective approach toward

achieving the stable Mn-rich layered cathodes.
Origin of the structure stability

As discussed at the beginning, the structure of the Mn-rich layered cathodes needs

to be precisely controlled for achieving stable electrochemistry. Although the local-

ized LiMn6 superstructure units in the TM layers of Li2MnO3 can increase the Mn3+

valence state to mitigate the J-T distortion in the Mn(3+)O6 octahedra, unfortunately,

they will induce the adverse Mn migration and O loss to occur easily upon deep

delitiation, thus causing the severe structural and electrochemical breakdown (Fig-

ures 1 and 6). To tackle these challenges, delocalization of the Li@Mn6 superstruc-

ture units within the TM oxide layers is proposed and validated by the LMRO demon-

strated herein through massive experimental and theoretical investigations. The

LMRO cathode possesses both enhanced structural and electrochemical stabilities,

which we attribute to the following key factors: (1) delocalized Li@Mn6 superstruc-

ture units in the TM layers can raise the Mn valence from +3 and thus mitigate the

structural instability from the J-T distortion to some extent; (2) the intralayer va-

cancies from the Li extraction upon charge are separated from each other, hindering

the Mn migration both into the interlayer and within the intralayer; (3) the O coordi-

nation environment is stable with regulated O redox activity to suppress the O loss

together with the inhibited Mn migration. Hence, thanks to these effects, the delo-

calized Li@Mn6 superstructure units are shown to be the key toward the stable Mn-

rich layered cathodes.
DISCUSSION

In this work, we propose a structure modification strategy of delocalization of the

Li@Mn6 superstructure units to address the structural instability in Mn-rich layered

cathodes and demonstrate its feasibility through a Co-free Mn-rich layered oxide

LMRO with delocalized Li@Mn6 superstructure units to enable the layer stability.

This cathode delivers a high capacity of 251 mA h g�1 (corresponding to 791 W h

kg�1) in the voltage range of 2.0–4.8 V with almost 100% capacity retention even af-

ter long-term 100 cycles, which is comparable with the commercial LCO and Ni-rich

cathode materials. Detailed experimental and theoretical analyses indicate that the

superior electrochemical stability originates from the delocalized Li@Mn6 super-

structure units, which suppress the detrimental problems like O loss, Mn dissolution,

and further the structure degradation by alleviating the J-T effect and regulating the

anionic redox activity. This work introduces a new insight for the comprehensive

design and control of the anionic redox activity in the Li-excess Mn-based oxides

to achieve both high capacity, energy density, and electrochemical stability for

the next-generation cathodes.
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Materials availability

This study did not generate new unique reagents.

Data and code availability

Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

Full experimental procedures, including the material syntheses, characterizations,

electrochemical measurements, and theoretical calculations are described in the

supplemental information.
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