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G R A P H I C A L A B S T R A C T
� O2-type layered cathode Li0.75[L-
i0.15Ni0.15Mn0.7]O2 is a promising cath-
ode for lithium-ion batteries.

� Li0.75[Li0.15Ni0.15Mn0.7]O2 delivers a
discharge capacity of 284 mAh g�1 and
an energy density of 956 Wh kg�1.

� The structural integrity of this O2
structure enables reversible oxygen
redox and suppresses phase transition.

� Li0.75[Li0.15Ni0.15Mn0.7]O2|| graphite full
cell maintains ~70 % of capacity for 500
cycles at 0.5C.
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In exploring the frontier of high-energy-density cathode materials for lithium-ion batteries, substantial progress
has been made by fine-tuning the composition of Ni-rich cathodes tailored for high-capacity operation. Equally
promising are Li-rich cathode materials, which leverage the novel mechanism of oxygen-redox chemistry to
achieve enhanced capacities. Nonetheless, the practical realization of these capacities remains elusive, falling
short of the desired benchmarks. In this work, we pioneer a Mn-based, Co-free, reduced-nickel, high-capacity
cathode material: Li0.75[Li0.15Ni0.15Mn0.7]O2 ionic exchanged from Na0.75[Li0.15Ni0.15Mn0.7]O2. This material is
an O2-type layered structure, distinguished by honeycomb ordering within the transition-metal layer, as
confirmed by comprehensive neutron and X-ray studies and extensive electrostatic screening. The material's
unique structural integrity facilitates the delivery of an exceptional quantity of Liþ ions via O2�/O2

n� redox,
circumventing oxygen release and phase transition. The de/lithiation process enables the delivery of a substantial
reversible capacity of ~284 mAh (g-oxide)�1 (956 Wh (kg-oxide)�1). Moreover, this structural and chemical
stability contributes to an acceptable cycling stability for 500 cycles in full cells, providing improved thermal
stability with lower exothermic heat generation and thus highlighting the feasibility of a Mn-based, Co-free,
reduced-nickel composition. This investigation marks a pivotal advancement in layered lithium cathode materials.
1. Introduction

Layered structuredmaterials have demonstrated significant success as
cathodematerials for commercial lithium-ion batteries (LIBs) due to their
facile movement of Liþ ions, substantial reversible capacity, and accept-
able cyclability [1–3]. However, advances in LIB performance have
become imperative due not only to ever-growing demands in the portable
and stationary markets but also to the recent escalation of geological and
environmental concerns. Thus, new cathode materials are needed to
enhance the energy density of LIBs. Lithium cobalt oxide [4] and lithium
nickel oxide [5,6] have set benchmarks as cathodematerials, offering high
capacity, excellent cyclability, and facile lithium-ion mobility. Spinel
LiMn2O4 stands out for its superior thermal stability and rate capability
[7], while transition metal-substituted variants like LiNi0.5Mn1.5O4 ach-
ieve a high voltage plateau of ~4.7 V [8]. These merits converge in the
Mn-based Li-richmaterial Li2MnO3 [9,10],which integrates high capacity
through lattice oxygen redox reactions, facilitating lithium migration at
transition-metal sites and band reshuffling to enhance electrochemical
performance.Unfortunately, poor activation and adependencyon anionic
redox for charge compensation detract from its appeal as a practical
cathode material. A novel approach involving the introduction of Ni into
Li-rich Li₂MnO₃ results in the formation of Li1.0[Li0.2Ni0.2Mn0.6]O2, which
exhibits significantly enhanced electrochemical performance, character-
ized by exceptionally high energy density and improved kinetics that are
driven by the synergistic contributions of Ni and O in the redox reactions
[11,12]. Nevertheless, challenges such as ongoing oxygen loss and irre-
versible phase transition to the spinel phase must be resolved.

Li-excess O2-type layered crystal frameworks have been investigated
as potential cathode materials due to their unique structural and electro-
chemical properties. These materials are defined by their ABCB oxygen
stacking arrangement, which differs from the ABCABC stacking observed
in O3-type layered structures. The O2-type framework features wide
interlayer d-spacing while maintaining a compact a-axis parameter
[13–15]. This structural configuration facilitates Liþ diffusion, thereby
enhancing rate capability. Among these materials, Li-excess structures
such as Lix[LiyNizMn1�y�z]O2 (typically, x � 1) are particularly note-
worthy for their ability to provide stable cycling without the significant
phase transitions known to degrade the electrode performance in con-
ventional O3-type Li-rich cathodes [11,16–21]. Furthermore, the O2-type
Li-excess layered compounds are activated by dual redox pairs such as
transition metals (TM) and lattice oxygen, which simultaneously induce
high capacity and energy density [22–26]. Introducing cobalt (Co) and
nickel (Ni) in O2-type lithium layered oxides has been shown to enhance
structural stability during cycling, suppress voltage hysteresis during
charge and discharge, and improve electrical conductivity [1,3,13–15,
2

22–34]. Specifically, the incorporation ofNi element contributes to higher
operating voltages, while the enhanced conductivity provided by Co
promotes both initial Coulombic efficiency and rate capability. It is,
however, interesting to note that recent studies have indicated the
trade-offs and complexities associated with these dopants in O2-type
cathode materials. For instance, Kang et al. [30] compared Co3þ and
Ni2þ substitutions, demonstrating that aliovalent Co3þ has a greater ten-
dency than Ni2þ to disrupt the cation ordering of the honeycomb super-
structure in the TM layer. This disintegration may result in TM migration
within the structure during cycling, causing structural degradation that
gradually deactivates the oxygen redox reaction, which plays a key role in
achieving high capacity in O2-type lithium layered oxides. Yamada et al.
[34] successfully substituted Co in O2–Li1.25-yMn0.5Co0.25O2 with Ni,
producing Co-free O2–Li1.12-yMn0.71Ni0.17O2. Although the Co-free
composition exhibited a slightly lower initial Coulombic efficiency, it
demonstrated better electrode performance in terms of cyclability. Xia et
al. [27] investigated Li1.25Co0.25Mn0.50O2 stabilized into an O2-type layer
structure and reported an extraordinary reversible capacity of 400 mAh
g�1. However, while this value exceeds the theoretical capacity, the
resulting cycling stability did not ensure the material’s feasibility for
long-term use. Wang et al. [32] proposed a combined strategy involving a
Li1.2Ni0.13Co0.13Mn0.54O2 cathode paired with a fluorinated electrolyte.
Their work presented remarkable performance, including an initial
Coulombic efficiency of 99.82%, excellent cycling stability, and a
reversible capacity of 278 mAh g�1. These findings emphasize the
importance of compositional engineeringwith Ni to harness its stabilizing
effects in Co-free O2-type Li-excess cathode materials, presenting viable
pathways for achieving high performance and structural stability while
minimizing the dependence on Co.

Herein, we synthesized O2-type Li-excess Li0.75[Li0.15Ni0.15Mn0.7]O2
(LLNM) through ion exchange from P2-type Na0.75[Li0.15Ni0.15Mn0.7]O2.
The theoretical capacity of O2-LLNMwas determined to be 313 mAh g�1,
providing clarity on ambiguities found in previous research on O2-type
materials. To gain a deeper understanding of its structural evolution
and chemical states during electrochemical reactions, we refined and
thoroughly analyzed the structure using a range of advanced analytical
techniques. These investigations revealed the dynamics of the material’s
charge-transfer mechanisms, which involved lithium migration across
both the Li layer and the TM sites, including coordination or chemical-
state transitions of TMs and oxygen. The LLNM delivered an exception-
ally high capacity of 284 mAh g�1 (956 Wh kg�1), propelled by the Li-
excess structure maximizing the participation of lithium in the reac-
tion; this was maintained through the redox activities of both cations and
anions during extensive cycling, effectively mitigating phase transitions
and minimizing oxygen loss during the oxygen redox reactions.
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2. Results and discussion

As-synthesized P2–Na0.75[Li0.15Ni0.15Mn0.7]O2 (NLNM) was ion-
exchanged with LiOH at 280 �C for 1 h in air. The NLNM was crystal-
lized into a layered structure with the P63 space group (Fig. S1 and
Table S1). X-ray absorption near edge spectroscopy (XANES) analysis
verified that the average oxidation states of Ni and Mn were 2þ and 4þ,
respectively (Fig. S2). The Bragg peaks observed at 20.6� and 22.1� (2θ)
indicated the emergence of Li/Ni ordering forming a √3a � √3a type
supercell in the TM layer (Fig. S1 inset), which resulted from the dif-
ference between the ionic radii of Liþ (0.76 Å) and Ni2þ (0.69 Å) and that
of Mn4þ (0.53 Å). Ion exchange with LiOH did not result in unreacted Na
content, as indicated by the energy-dispersive X-ray spectroscopy (EDS)
mapping image and the inductively coupled plasma atomic emission
spectroscopy (ICP-AES) data (Fig. S3 and Table S2). The ion-exchanged
result was analyzed by Rietveld refinement of the X-ray diffraction
(XRD) and neutron powder diffraction (NPD) patterns (Fig. 1a,
Fig. S4–S5, and Tables S3–S4); the NPD data indicated an O2-type hex-
agonal structure as the major phase (97.4%) and two minor phases,
Li2MnO3 (1.42%) and cubic spinel Li[Ni0.5Mn1.5]O4 (1.18%). The cor-
responding interlayer distance was reduced to 4.83 Å from 5.51 Å after
the ion exchange. The XANES results for the Ni K-edge showed no change
in the oxidation state of Ni before and after the ion exchange (Fig. 1b). In
addition, the resulting oxidation state of Mn was almost identical to
before the ion exchange, tetravalent Mn (Fig. 1c). Selected-area electron
diffraction (SAED) along the [1 1 0] direction of LLNM indicated an or-
dered layered structure with a uniform interlayer distance of ~4.84 Å
(Fig. 1d). In addition, high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) revealed the presence of
dumbbell-like spots, which represent Li–TM–TM–Li elements aligned
along the [110] direction (Figs. 1e and f). Namely, the one-third absent
signal reflects the unique regularity of honeycomb ordering such as Li-
TM-TM-Li in the [110] zone axis (Li is not visible due to the low elec-
tron density of Li element), corresponding to the a-b plane, which is in
agreement with earlier reports on O2-type layered compounds [23,25,
27,35,36]. The ionic exchange process is topotactic, resulting in the
planar and localized translation of TM layers in various directions,
creating octahedral sites where lithium ions are more stabilized. TM
layers can glide along multiple directions, simultaneously acting at many
different points within the particles while causing imperfections and
stacking faults. The complexity of this process arises from the
non-uniform gliding of layers during the transition from the Na-based
P2-type to the Li-based O2-type phase. The consequent presence of
O2/O4/O6 intergrowth (stacking fault) observed in the STEM images
(Figs. 1e, f, and S6) further verifies the complexity of the process and the
random gliding typically observed in O2-type layer structures [28]. In
addition, the STEM image reveals the O2-type stacking sequence, inter-
spersed with intergrowths of O4 and O6 symmetry. The O2 structure is
characterized by low symmetry, which is influenced by the random na-
ture of the ion-exchange process. The random gliding induces rotational
stacking faults, leading to the formation of O4 stacking with higher
symmetry. A further increase in the symmetry results in a rhombohedral
structure with O6 stacking [3,14,37–39]. Moreover, during ion ex-
change, the spinel phase is formed on the surface of the O2-layered phase
while preserving the overall O2 crystal orientation. This occurs at a
slightly elevated temperature of 280 �C, where the spinel phase, identi-
fied to be Li[Ni0.5Mn1.5]O4, becomes thermodynamically more stable
than the O2-layered phase [2,8]. It is likely that the Li[Ni0.5Mn1.5]O4

spinel domain, observed at the surface in Fig. 1e, partially promotes the
surface stability of the O2 phase due to its robust structure at high
voltage.

NPD confirmed that the Li, Ni, and Mn elements are situated at the
specified coordinates within the TM layer based on the P63mc space
group. However, according to the literature, no space group has yet been
identified to distinguish the Li and Ni elements from the Mn elements in
3

the TM layer. The honeycomb-like ordering of LLNM is attributed to the
similar ionic radii of Liþ and Ni2þ, leading to them sharing the same sites
relative to Mn4þ and their occupancy constituting one-third of the TM
site. If Li alone were responsible for the ordering, the smaller occupancy
would result in ribbon ordering [35]. The distinct neutron scattering
lengths (Li-6: 2.00 fm, Li-7: 2.22 fm, Ni: 10.3 fm, Mn: 3.73 fm) enable the
differentiation of Li, Ni, and Mn elements using the P1 space group
(Fig. S7 and Table S5) [40], which is available to distinguish the super-
lattice ordering of LiMn6 and NiMn6 coordination. We employed density
functional theory (DFT) geometry optimizations and machine-learning
force-field (MLFF) ab initio molecular dynamics (AIMD) simulations.
Thus, we were able to study the lattice parameter changes at different
states of charge. Fig. S8 shows the evolution of the energy, temperature,
and pressure over the simulation time for all the MD runs. In addition,
honeycomb ordering is electrostatically strongly favored in Li0.75[L-
i1/6Ni1/6Mn2/3]O2 (Liþ, Ni2.5þ, Mn4þ, O2�), as the Coulombic energy of
the lowest energy configuration with a non-perfect honeycomb ordering
in one of the two TM layers is ~4.7 eV higher (Fig. 1g). Even though
electrostatic energy is a fairly rough approximation, the obtained energy
difference is quite severe, and there are plenty of lower-energy config-
urations with honeycomb ordering in both TM layers but different shifts
of the TM layers towards each other and/or different Li arrangements in
the Li layer, indicating that a honeycomb ordering in Li0.75[L-
i1/6Ni1/6Mn2/3]O2 is also electrostatically strongly favored.

3. Electrochemical test

The fabricated LNNM electrode (theoretical capacity: 308 mAh g�1,
assuming 1 mol Li insertion per formula unit) was tested in the voltage
range of 2–4.8 V with a constant current of 30 mA g�1 (0.1C) at 25 �C. A
gradual rise in the operation voltage to 4.35 V was observed, with the
delivery of a charge capacity of ~67 mAh g�1, corresponding to the
extraction of 0.22 mol of Li per formula unit (Fig. 2a). In this range, the
only possible reaction by TMs is the oxidation of Ni2þ toward Ni4þ,
because in this range, Mn4þ is inactive in an octahedral environment.
Further delithiation resulted in the emergence of a long voltage plateau
above 4.35 V. The delivered capacity was 155mAh g�1, corresponding to
the extraction of 0.50 mol of Li per formula unit. As there were no active
species to participate in the electrochemical activity, oxidation of the
lattice oxygen was the only possible trigger of the charge compensation
with Liþ ions. The total charge capacity was thus ~222 mAh g�1 on
charge, compensated for by the extraction of 0.72 mol Li from the host
structure. On discharge, no large voltage plateau above 4.35 V was
observed, and the voltage gradually decayed to 3.4 V with a capacity of
132 mAh g�1 (0.43 mol Li per formula unit). Further lithiation to 2.97 V
was compensated by delivering a capacity of 78 mAh g�1 (0.25 Li per
formula unit), below which an addition plateau was perceived to 2 V by
delivering a capacity of 74 mAh g�1 (0.24 Li per formula unit). Note that
a large discharge capacity, ~284 mAh (g-oxide)�1 (956 Wh kg�1), cor-
responding to 0.92 mol Li per formula unit, was available in the tested
range. The reversible reaction was observed for the second charge and
discharge. Although there was a hysteresis for the first cycle, the
consecutive de/lithiation mitigated the large difference in operation for
further cycles (Fig. 2a and Fig. S9). The O2-LLNM electrode maintained
its initial capacity to ~75% (213 mAh g�1) at 0.1C for 200 cycles
(Fig. 2b). At 1 and 2C, the observed capacities were 208 and 191 mAh
g�1, respectively. Further testing at 0.5C also demonstrated the
compatibility of O2-LLNM, with a retention of ~92.5% (226–209 mAh
g�1) for 100 cycles (Fig. 2c), in addition to an activity at 6C of 104 mAh
g�1. Long-term electrode stability was confirmed by using full cells
comprised of a graphite anode and an O2–Li0.75[Li0.15Ni0.15Mn0.7]O2

cathode, tested in the voltage range of 2.1–4.7 V (Figs. 2d–f). Pre-cycles
were performed for the cathode to supply it with deficient lithium,
adjusting the anode and cathode capacity ratio to 1.2. The full cell
delivered an initial discharge capacity of 272 mAh g�1 at 0.1C (Fig. 2d).



Fig. 1. Material characterization. (a) Rietveld refinement result for NPD pattern of LLNM. (b) XANES spectrum of NLNM and LLNM for Ni K-edge. (c) XANES spectra
of NLNM and LLNM for Mn K-edge. (d) SAED pattern for LLNM. (e, f) STEM image and magnified image of LLNM along [1 1 0] zone axis. (g) Schematic illustration of
(top) honeycomb ordering in the a-b plane and (bottom) difference in electrostatic energy for most favorable ionic configuration (left, normalized to 0 eV) and (right)
lowest energy configuration with a non-perfect honeycomb ordering in one of the TM layers of O2–Li0.75[Li1/6Ni1/6Mn2/3]O2 (Liþ, Ni2.5þ, Mn4þ, O2�).
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Fig. 2. Evaluation of electrochemical performance. (a) Voltage profile of LLNM under constant current of 30 mA g�1. (b) Cycling performance of LLNM over 200
cycles. (c) Rate capability of LLNM at various C-rates. (d) Voltage profile of LLNMkgraphite full cell under constant current of 30 mA g�1. (e) Cycling performance of
LLNMkgraphite full cell over 200 cycles. (f) Rate capability of LLNMkgraphite full cell at various C-rates.
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The slight change in the voltage profile resulted from the use of a
graphite anode. The capacity gradually decayed upon cycling, with a
retention of ~70% after 500 cycles at 0.5C (Fig. 2e and Fig. S10). The
rate capability presented a similar tendency as that for the half cells
(Fig. 2f). From the above viewpoint, the Mn-based, Co-free, reduced-
nickel O2–Li0.75[Li0.15Ni0.15Mn0.7]O2 cathode presents promising elec-
trode performance.

The LLNM electrode was investigated using operando XRD (o-XRD).
The o-XRD patterns displayed reversible peak shifts for the two cycles
(Fig. 3a). The peaks belonging to the O2 phase at 18.5�, 37.2�, and 46.5�
Fig. 3. Structural evolution during charge and discharge. (a) Contour plot of o-XR
corresponding parameters a and c. (c) Calculated lattice parameters at different ch
different MD images, including their standard deviations as error bars.

5

(2θ), corresponding to the (002), (004), and (013) planes, shifted, and
the resulting a- and c-axis parameters decreased as the ionic radii of Ni
decreased (Ni2þ: 0.69 Å, Ni3þ: 0.56 Å, and Ni4þ: 0.48 Å) (Fig. 3b). For x
� 0.53 in Lix[Li0.15Ni0.15Mn0.7]O2, which represents a long voltage
plateau over 4.35 V, the movements of the (002) and (004) peaks further
progressed by the end of delithiation to x¼ 0.03 in Lix[Li0.15Ni0.15Mn0.7]
O2 (Fig. 3a), reflecting gradual decreases in the a- and c-axis parameters
in Fig. 3b. Indeed, a change in the a-axis parameter is usually induced by
the oxidation of TM elements. Lithiation induced the recovery of the
Bragg peak intensity and positions (Fig. 3a). In addition, no new phases
D result for LLNM electrode during 2 cycles. (b) Voltage profile of LLNM and
arge states as obtained from MLFF-AIMD runs, as well as DFT optimization of
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were formed during discharge (reduction). The resulting a- and c-axis
parameters both increased upon discharge (Fig. 3b). This rise of the c-axis
parameter is related to the weakening of the covalent character in the
interslab. The variation of the c-axis became less steep from x � 0.46 in
Lix[Li0.15Ni0.15Mn0.7]O2, although the a-axis value increased progres-
sively until the end of discharge. The lattice parameters of MLFF-AIMD
simulations are always larger than those obtained from DFT optimiza-
tions, which can be attributed to thermal expansion of the cathode ma-
terial, as MLFF-AIMD simulations are conducted at room temperature
whereas DFT optimizations are, by definition, at 0 K. The resulting
evolution of the a- and c-lattice parameters is shown in Fig. 3c. In
agreement with the experimental XRD data in Figs. 3a and b, the a-lattice
parameter decreased almost linearly on charge, even though the simu-
lations showed no significant increase between x ¼ 1.00 and x ¼ 0.75 in
Lix[Li0.15Ni0.15Mn0.7]O2. This behavior might be explained by the
simulated lithium concentration of exactly one not being reached in the
experiment. The overall trend of the a-lattice parameter might be
explained by the change of the ionic radii in the TM layer on charge/
discharge, as discussed in the experimental results section. On charge, a
decrease of the c-lattice parameter from x ¼ 0.75 to x ¼ 0.08 was also
observed for the calculated structures, as shown in Fig. 3c, with an outlier
in the MLFF-AIMD data for x ¼ 0.08. That is, however, still within the
error estimated by the standard deviation over simulation time. A
disagreement with the experimental results was observed at x ¼ 1.00,
which can be again attributed to the higher lithium concentration in the
simulation compared to the experiment. The low error bars (for the a-
lattice parameter as well) suggest that the fully lithiated structure is
perfectly ordered and therefore relatively “stiff” in the MLFF-AIMD
simulations, likely making the structural model not directly compara-
ble to the less-than-perfect experimental one.

The redox reactions were confirmed through o-XANES spectra to x �
0.53 in Lix[Li0.15Ni0.15Mn0.7]O2, which belongs to the end of the
ascending voltage profile; the Ni2þ was gradually oxidized toward Ni4þ

(Fig. 4a). The Mn, which was tetravalent, was not active during charge
Fig. 4. Redox compensation mechanism. (a) Operando XANES result of LLNM for Ni
LLNM for O K-edge. (d) Scaled O–O PDFs averaged over time through the MLFF-AIMD
result for LLNM electrode material at different states of charge and discharge.
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(Fig. 4b). Note that the observed capacity was too high in the oxidation of
0.15 mol of Ni2þ toward Ni4þ; therefore, it is reasonable to consider
additional oxidation processes induced by the lattice oxygen of Lix[-
Li0.15Ni0.15Mn0.7]O2. The oxygen K-edge spectra clearly present a t2g and
eg hybridized orbital of Mn 4d – O 2p, appearing at 528.5 and 531 eV
(Fig. 4c). The emergence of the shoulder peak at 530 eV is attributed to
overlapping of the t2g and eg orbitals of O 2p. This result likely indicates
the formation of dimerized lattice oxygen, O2

n� (n< 2). The electrostatic
repulsion force of the facing O–O can be weakened by the oxidation of
lattice oxygen. In addition, a covalent character affecting the structure by
the formation of Ni4þ in turn induces a decrease in the interlayer distance
along the c-axis.

The oxidized Ni4þ was reduced to Ni2þ in the range of x � 0.71 in
Lix[Li0.15Ni0.15Mn0.7]O2, according to the Ni K-edge o-XANES spectra
(Fig. 4a). In addition, the tetravalent Mnwas reduced towardMn3þ in the
range of x � 0.71 in Lix[Li0.15Ni0.105Mn0.7]O2, as the photon energy shift
was evident toward lower values (Fig. 4b). After discharge, the O K-edge
spectrum was identical to that of the fresh state (Fig. 4c). The increase in
the a-axis induced more ionic character in the interslab, such that
repulsion between the interlayer was somewhat diminished, emerging in
the range of x � 0.46 in Lix[Li0.15Ni0.15Mn0.7]O2 as a result of more Liþ

insertion into the structure occurring toward the end of discharge. The
same tendency was observed during the second cycle. Although large
charge and discharge capacities were delivered during the de/lithiation
process, the original O2 phase did not undergo observable phase sepa-
ration or phase transition.

As also suggested by the experimental results, the oxygen distances in
the MLFF-AIMD simulations decrease by charging the cathode material
according to the computed pair-distribution functions (PDFs) in Fig. 4d.
Peak shifts at larger distances in the PDFs towards lower distances with
lower x, e.g., the peak directly below 4 Å, can probably be attributed
mainly to the aforementioned changes in lattice parameters. The peaks in
the PDFs are also slightly broader and significantly less intense on charge
because the whole structure becomes slightly more disordered, as
K-edge. (b) Operando XANES result of LLNM for Mn K-edge. (c) XANES result of
runs, along with PDF from an MLFF-AIMD simulation of an O2

3� dimer. (e) EPR



Fig. 5. The lowest-energy geometries obtained from DFT optimizations of
MLFF-AIMD images. Number of absolute UPEs on Mn, Ni, and O ions as ob-
tained from the HSE06 electronic structures of the optimized geometries. Formal
oxidation states are indicated by dashed lines, whereas oxygen oxidation should
be interpreted as partial oxidation rather than full oxidation to O1�. SDD plots
from the HSE06 electronic structures. Estimated redox activity of different ele-
ments as a function of charge state.
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previously discussed. At the nearest-neighbor distance peak at ~2.8 Å, a
shoulder starts to emerge at lower distances for x ¼ 0.25, becoming even
more profound at x ¼ 0.08. Since oxygen redox is expected to occur at
these lithium concentrations, as observed both experimentally and
theoretically, this peak might indicate the start of lattice oxygen dimer-
ization, as seen in the XANES spectra for experimental oxygen in Fig. 4c.
However, the peak shifts are small, and the appearance of a dimer (partial
or fully covalent bond) is unlikely. These findings give rise to the
conclusion that even though strong oxygen redox is active in the LNNM
cathode, no oxygen dimers form, which prevents the irreversible loss of
oxygen during cycling. This conclusion is also in accordance with the
experimental DEMS measurements in Fig. S11.

As mentioned in relation to Fig. 4c, we confirmed that the oxidation
behavior of the lattice oxygen was reversible on discharge, since the fresh
spectrum was almost identical to the discharged one. To investigate the
nature of the lattice oxygen on charge, we analyzed the electronic state of
Mn and O present in the ex situ electron paramagnetic resonance (EPR)
spectra measured under the perpendicular polarization mode at 50 K
(Fig. 4e). The fresh LLNM powder exhibited a broad Lorentzian reso-
nance signal, indicative of antiferromagnetic coupling between Mn4þ in
configuration (t2g3eg0) and O2�, with a g-value of� 1.99. The broadening
of the EPR signal in LLNM is attributed to the presence of Ni2þ in the
material, which promotes ferromagnetic interactions between Ni2þ

(t2g6eg2) and Mn4þ (t2g3eg0) ions [41–43]. Furthermore, the presence of a
carbon conducting agent typically induces a sharp signal corresponding
to free electrons from carbon, with a g-value of �2.00 [44]. Upon the
electrode being charged to 4.45 V (x ¼ 0.43 in Lix[Li0.15Ni0.15Mn0.7]O2),
the resonance signal flattened because the antiferromagnetic interactions
between Ni4þ-O-Mn4þ were stronger than those between Ni2þ-O-Mn4þ.
The signal became further flattened after charging to 4.8 V (x ¼ 0.03 in
Lix[Li0.15Ni0.15Mn0.7]O2). According to the o-XANES analysis (Figs. 4a
and b), the average oxidation states of Ni and Mn were confirmed to be
tetravalent in the plateau region. Therefore, significant changes in the
resonance signal were not expected during delithiation within this re-
gion. Nevertheless, as Mn remained tetravalent in the (t2g3 eg0) configu-
ration during charging, the observed decline in the resonance signal
suggests that lattice oxygen was oxidized to O2

n� (n < 2), leading to
diminished super-exchange interactions. This finding aligns with the O
K-edge XANES data (Fig. 4c). Upon discharging to 3.0 V (x ¼ 0.71 in
Lix[Li0.15Ni0.15Mn0.7]O2), the resonance signal recovered due to the
reversible reduction of Ni4þ to Ni2þ and the stabilization of Mn4þ

(t2g3eg0) with O2�. After lithiation to 2.0 V (x ¼ 0.95 in Lix[Li0.15-
Ni0.15Mn0.7]O2), where the oxidation state of Mn fell below 4þ (�3.7þ),
the Lorentzian resonance signal flattened again. This is attributed to the
presence of Mn3þ(t2g3eg1) – O2� within the TM layer.

The resulting Liþ diffusion, DLiþ , was also dependent on each redox
pair (Fig. S11a). In the early stages of charging, relatively fast diffusivity
to ~10�9 cm2 s�1 was observed along with the Ni2þ/Ni4þ redox. From x
� 0.53 in Lix[Li0.15Ni0.15Mn0.7]O2, the resulting diffusion progressed
rather slowly, decreasing to ~10�13 cm2 s�1 and with notable fluctuation
to the end of charge. From the above findings, it is apparent that the
oxidation of the lattice oxygen is responsible for the slow charge
compensation. The slow kinetics continued to the initial discharging,
which belongs to the reduction of oxygen. Then, the diffusion increased
to ~10�11 cm2 s�1 due to the reduction of Ni4þ to Ni2þ. Further lithiation
induced the rise of diffusion to the end of discharge, compensated for by
Mn4þ/Mn3þ redox. It is worth noting that O2 and CO2 evolution were not
visible during the first cycle (Fig. S11b). This finding demonstrates that
the associated oxygen redox did not induce molecular O2 evolution but
contributed to the charge compensation during charge and discharge.

Using the optimized lowest energy structures, we employed DFT-
HSE06 to calculate the electronic structures in order to study the un-
derlying redox mechanism from a theoretical perspective. The spin-
polarized calculations allow the spin density difference (SDD) to be
obtained, from which the number of unpaired electrons (UPEs) per ion
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can be determined. The resulting UPEs are plotted for Mn, Ni, and O in
the middle part of Fig. 5 at the four considered charge states. Li ions are
omitted, as they show zero UPEs throughout all calculations. At x ¼
1.00 in Lix[Li0.15Ni0.15Mn0.7]O2, most Mn (12 out of 16) show 3 UPEs,
and ~3.7 UPEs are localized on four distinctive Mn. Knowing that Mn
ions are coordinated octahedrally by oxygen, ligand-field theory can be
applied, splitting the d-orbitals into t2g and eg. Consequently, the 3 UPEs
could correspond to a t2g3eg0 electronic configuration that can be
assigned to Mn4þ ions, whereas 4 UPEs would hint at a t2g3eg1 high-spin
configuration and therefore Mn3þ ions. The aforementioned Mn ions
with 3.7 UPEs are assigned to Mn3þ, and the other Mn ions are assumed
to be Mn4þ. The computed UPE number of ~3.7 for Mn3þ does not
perfectly match the theoretical value of 4 UPEs, which may be
explained by delocalization. Moreover, it should be mentioned that the
calculations show highly localized SDDs because a hybrid functional
and its large Hartree–Fock mixing parameter were employed, whereas
it is unclear how strongly localized the SDDs are in the real system [45].
Therefore, it is more useful to refer to an average Mn charge of 3.75þ
for x ¼ 1.00. At this lithium concentration and using the same pro-
cedure employed for Mn, Ni showed 1.7 UPEs, corresponding to Ni2þ

(t2g6eg2), and the oxygens had zero UPEs, resulting in O2� (2p6). On
delithiation to x ¼ 0.75 in Lix[Li0.15Ni0.15Mn0.7]O2, all the Mn were
oxidized to Mn4þ (3 UPEs). This observation is in agreement with the
Mn redox activity assigned from the experimental o-XANES spectra in
Fig. 4b, demonstrating Mn4þ upon delithiation and a reduction to
Mn3:75þ for the fully discharged state.

The UPE calculations in Fig. 5 also reveal that two out of four Ni
become oxidized to Ni3þ (t2g6eg1, 1 UPE theoretical, ~0.8 UPE calcu-
lated) at x¼ 0.75, resulting in an average charge of Ni2:5þ. These findings
are also in agreement with the Ni2þ/Ni4þ redox observed at the begin-
ning of charging in the experiment. Consequently, all of the Ni was
further oxidized to Ni4þ (t2g6eg0, 0 UPE theoretically, ~0.1 UPE calcu-
lated) in the next calculated charge state of x ¼ 0.25 in Lix[Li0.15-
Ni0.15Mn0.7]O2.
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At this state of charge, the UPE on some oxygens starts to deviate from
zero, indicating the initial stage of anionic redox. The UPEs are again
mainly localized on several specific oxygen ions, with some ions showing
as much as 0.6 UPE, which is closer to the UPE value of 1 for anO1� (2p5)
than to 0 UPE for an O2� (2p6). However, considering the total fluctua-
tions of UPE on oxygen, and ensuring charge neutrality (Table S6), an
average oxidation to O1:875� can be assigned. These findings are again in
agreement with the experimental ones, such as the decrease in diffusivity
below x ¼ 0.55 in Lix[Li0.15Ni0.15Mn0.7]O2 in Fig. S11a, which was
assigned to the initial stage of anionic redox. In the simulated composi-
tion representing the highest charging level at x ¼ 0.08, only the UPE on
oxygen changed significantly compared to that at x ¼ 0.25. The slightly
increasing fluctuations on Mn might be attributed to delocalization, ex-
change, disordered coordination environments, or errors. These consid-
erations result in an average oxidation to O1:79� at x ¼ 0.08 (refer to
Table S6 for estimated charge assignment from UPE), whereas the UPEs
are again strongly localized on certain oxygen ions. The strong anionic
redox in the highly charged states accords with the experimental findings
and the redox activity, which, as observed in the calculations, can be
approximated as a function of charge by the colored bar shown in Fig. 5.
Interestingly, plotting the SDD (see Fig. 5) reveals that the strongly
oxidized oxygens at x¼ 0.25 and x¼ 0.08 are located in direct proximity
to TM layer vacancies emerging from the aforementioned migration of Li
towards the Li sites. This finding proves the experimental hypothesis that
oxygens next to the TM layer vacancies are activated for anionic redox in
the LLNM cathode material.

The redox reaction of lattice oxygen in the Li–O–Li configuration
leads to the formation of unpaired electrons in the O 2p orbital, and Li in
the TM layer simultaneously migrates to the Li layer. The 7Li NMR with
the pj MATPASS pulse sequence yielded spectra of isotropic shifts
without spinning sidebands (Fig. 6a). The rather complicated signals
were broader than those of LiMnO2 or Li2MnO3 due to the various TM ion
configurations. The LiLi and LiTM peaks ranged from 250 to 1200 ppm and
from 1300 to 1600 ppm, respectively. The fresh LNNM showed jagged
peaks for LiLi, corresponding to a complicated Li site with a mixed three-
phase structure. The peak at 844 ppm was assigned to LiLi at tetrahedral
sites in the cubic spinel phase domains, which is consistent with the
Rietveld refinement results from NPD with the fresh powder (Fig. 1a–S4,
S5, S12, S13, Tables S4, S7–S11). It is surprising that in the fully charged
state (4.8 V), no Li was detected in the TM layer at the LiTM position,
clearly indicating that almost all the Li had migrated out of that layer.
Additionally, the significantly lower and broader signal in the LiLi region
suggests that a small portion of Li still remained in the Li layer after
charging to 4.8 V. This residual Li is attributed to the migration of Li from
the TM layer. It appears to distribute across the entire LiLi region, with a
peak maximum at 750 ppm. This peak corresponds to a new position of Li
in the LiLi tetrahedral site, distinct from the position of Li in the fresh
cubic spinel structure at 844 ppm and exhibiting greater intensity than
the octahedral site within the Li layer. In the fully discharged state (2 V),
Li2CO3-like cathode–electrolyte interphase (CEI) species were evidenced
by the sharp peak near 0 ppm, which accorded with the surface obser-
vation measured using the total electron yield (TEY) mode for the O K-
edge spectra (Fig. S12). In comparison to the fresh state, the LiTM
accounted for ~13.2%, compared to 86.2% for LiLi. These results indicate
that a portion of the Li was not recovered to the fresh state, and that it is
favorable for Li to be located in the Li layers or as part of the CEI layer.
Additionally, the peaks in the discharged state were broader than in the
initial state, which can be attributed to the rearrangement of TMs caused
by Li migration and the additional Li insertion to x ¼ 0.95 in Lix[Li0.15-
Ni0.15Mn0.7]O2.

As observed in the 7Li NMR spectra in Fig. 6a, migration of the excess
lithium in the TM sites towards the lithium sites occurred on charge.
According to the MLFF-AIMD simulations (Fig. S8 and Table S6), no Li
migration occurred at x ¼ 1.00 and x ¼ 0.75 in Lix[Li0.15Ni0.15Mn0.7]O2,
whereas at x ¼ 0.25, 75% (3 out of 4 ions) of the TM layer lithium
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migrated, and at x ¼ 0.08, 100% (4 out of 4 ions) migrated. Moreover,
simulations reveal that the Li ions in the Li layers also become more
disordered; here, “disordered” does not indicate decomposition or
instability but refers to minor displacements from the positions in the
perfect crystal structure. This trend was observed because the probability
of having Li in a tetrahedral environment increases for higher charged
structures, as indicated in the histograms in Fig. 6b. At x ¼ 1.00, most of
the lithium is almost always in an octahedral environment (6 oxygens),
whereas the probability of other coordination environments becomes
more equal on delithiation, and at x ¼ 0.08, a tetrahedral (4 oxygens)
environment is highly probable. Notably, the abovementioned changes
in lattice parameters can affect how many oxygens are found in a sphere
of fixed radius. In addition, the amount of lithium environments the
probability is calculated from varies with x, as fewer lithium co-
ordinations can be considered per structure at lower x values. Never-
theless, the trend indicates that the structures becomemore disordered at
highly charged states and that lithium likely starts to occupy tetrahedral
sites in the structure as well.

The Li migration and the resulting structural disorder were further
elucidated through NPD data, ICP analysis, and STEM observations
(Figs. 6c–g, Tables S7–S9). The STEM and SAED images of the delithiated
electrode indicated the presence of the original O2 phase (Fig. 6f),
although Li ions had migrated out of the TM layer (Figs. 6a and c,
Table S6). ICP-AES analysis of the charged electrode verified that 0.05
mol Li remained in the structure (Table S9), which is consistent with the
NPD data. This finding indicates that the migration of Li creates va-
cancies (VLi) in the TM layer, and this structural disorder is most likely
initiated by Li migration from the TM layer to the Li layers. This phe-
nomenon led to disorder of the Li/VLi/Mn/Ni in the TM layer, resulting in
declination of the in-plane ordering. As a result, the signals of the TM in
the charged LLNM electrode material were significantly blurred and
partially lost their ordering in some parts of the observed image (Fig. 6f),
compared to the fresh state (Fig. 6e). This process resulted in unpaired
electrons in the presence of the Li–O–Li configuration, triggering the
oxidation of the lattice oxygen and simultaneously reducing the O–O
distance. Furthermore, the interlayer distance was shortened by the
highly covalent character of the TM layer (d � 4.68 Å). After discharge,
the layered structure was retained upon lithiation to x � 0.95 in Lix[-
Li0.15Ni0.15Mn0.7]O2 (Fig. 6d), and the in-plane ordering was not fully
restored in the NPD and SAED patterns (Fig. 6g). The present O2-type
Li0.75[Li0.15Ni0.15Mn0.7]O2, Li-excess LLNM material has the Li–O–Li
configuration. The condition for the formation of unpaired electrons in
the oxygen 2p orbital occurs as Li in the TM layer simultaneously mi-
grates to the Li layer during the oxidation of lattice oxygen. This
migration is facilitated by the comparatively low ionization energy of Liþ

(520.2 kJ mol�1) relative to that of transition metal elements such as
Ni2þ (2226.3 kJ mol�1), Ni3þ (5474.7 kJ mol�1), Ni4þ (10,414.7 kJ
mol�1), and Mn4þ (10,414.7 kJ mol�1) [46].

Based on the results of ND diffraction, STEM images, and thermo-
dynamic simulations, Li migration was evident from the octahedrally
coordinated TM layer to the Li layers. However, the migration of TM
elements from the TM layer to the Li layers during de/lithiation does not
seem to have occurred in our O2-type LLMO cathode material, as would
be possible if the Mn ion were in a tetrahedral environment with much
higher oxidation states, such as Mn5þ, Mn6þ, or Mn7þ at higher voltages
[47].

Since the in-plane ordering was not fully recovered, the cycled elec-
trodes were compared with the fresh O2-LLNM material (Fig. S15). The
superstructure observed at approximately 21� (2θ) was no longer visible
after 50 cycles. This suggests that the gradual capacity fading during the
initial 50 cycles observed in Fig. 2d is likely associated with the dis-
ordering of the TM layer, where Li and Ni elements coexist with Mn. The
XRD data obtained after 500 cycles shows no significant changes in the
XRD pattern, except a change in the relative intensity of the Bragg peaks
compared to the pattern after 50 cycles. Nonetheless, the O2 structural



Fig. 6. Investigation of the local Li environment. (a) 7Li NMR spectra for pristine, charged, and discharged LLNM. (b) Histograms of oxygen counts within a 2.5 Å
coordination sphere around Li ions at different charge states from the MLFF-AIMD simulations. (c) NPD pattern of charged LLNM. (d) NPD pattern of discharged
LLNM. (e, f, g) STEM images and SAED patterns for fresh, charged, and discharged LLNM.
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Fig. 7. Illustration of LLNM characteristics.
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framework remained even after 500 cycles. Recent publications have not
mentioned the theoretical capacity of the O2-type cathode material [23,
27]. In our study, we define the theoretical capacity of O2-LLNM as 313
mAh g�1: note that Li1.00[Li0.25Co0.25Mn0.50]O2 [27] exhibited a capacity
of over 400 mAh g�1, which exceeds the theoretical limit, although the
related charge storage mechanism was not clarified. Our
O2–Li0.75[Li0.15Ni0.15Mn0.7]O2 demonstrates reasonable long-term
cycling performance, with better voltage retention and capacity reten-
tion during cycling. Earlier O2-type materials, while showing high initial
capacities, tend to experience rapid voltage fade [25,27]. The full cell
delivered an initial discharge capacity of 272 g�1 at 0.1C (Fig. 2d), and
the resulting retention was ~70% after 500 cycles at 0.5C. In comparison
with the performance of electrodes reported in other studies [22,25,
27–33] (Table S12), the present O2–Li0.75[Li0.15Ni0.15Mn0.7]O2 cathode
material has superior structural stability and cyclability.

This Mn-based, Co-free, reduced-nickel LLNM compound holds sig-
nificant potential for next-generation LIBs, addressing key challenges
such as environmental sustainability, cost reduction, and high energy
density. Its specific capacity in excess of 280 mAh g�1, high energy
density of ~956 Wh kg�1, thermal stability, and stable cycling perfor-
mance demonstrate its viability for practical applications (Fig. 7 and
Fig. S16). The migration of Li ions from the TM layer to the Li layers
triggers the oxygen redox reaction in the presence of the Li–O–Li
configuration. An advantage of this process is that it suppresses the
structural disintegration caused by O2 evolution and phase transition.
Capacity retention and long-term cycling stability could be further
improved by developing strategies to enhance the structural integrity of
the TM layers or designing new structural motifs that better accommo-
date lithium migration.

In summary, our LLNM cathode material offers a compelling solution
for safety-enhanced high-capacity LIBs. By addressing the challenges
related to electrolyte and interface stability at high voltage, this material
could play a pivotal role in the development of next-generation energy
storage technologies.

4. Conclusions

This study presents O2-type Li-excess Li0.75[Li0.15Ni0.15Mn0.7]O2
(LLNM) as a highly promising cathode material for next-generation LIBs,
offering significant advances in terms of capacity, retention, and struc-
tural stability. We highlight the role of Li migration out of the TM layer
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and its contribution to the activation of reversible lattice oxygen redox in
the presence of Li–O–Li configurations. Electrochemical tests demon-
strated exceptional capacity retention, thermal stability, and cycling
durability, with LLNM achieving 284 mAh g�1 and 956 Wh kg�1 over
200 cycles and maintaining 70% capacity retention after 500 cycles in
full-cell configurations. Unlike previous reports, which often emphasize
high capacities without addressing reaction and degradation mecha-
nisms, our study provides a pathway for balancing high energy density
and long-term cycling stability. Through comprehensive experimental
and computational analyses, we found that the distinct oxygen lattice of
the O2 stacking in the LLNM effectively suppresses phase transition and
oxygen evolution from the structure during de/lithiation. The Li-excess
composition in the TM layer enabled substantial charge storage, facili-
tated by both oxygen redox and TM (Ni, Mn) redox reactions. We further
elucidate that Li migration from the TM to the Li layers facilitates
reversible charge compensation, effectively suppressing structural
degradation while maintaining an O2 framework, even after prolonged
cycling. These findings offer a mechanistic understanding of the syner-
gistic contributions of the cationic and anionic redox reactions, which
have not been sufficiently explored in earlier studies. Based on theoret-
ical and experimental investigation, this research offers innovative in-
sights into the development of Co-free, reduced-nickel cathode materials,
thereby addressing key challenges in the design of sustainable and high-
performance cathode materials for LIBs.
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