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Integrating an anionic-redox (or oxygen-redox) capacity with a conventional cationic-redox capacity is a

promising strategy for large-capacity battery cathodes exceeding present technical limits. However,

most oxygen-redox cathodes exhibit a large charge/discharge voltage hysteresis (40.5 V), resulting in

poor energy efficiency and impractical implementation. Here, we show that nonpolarizing O� 2 O2�

(4.4 V vs. Li/Li+) and polarizing O2
2� - O2� (3.3 V vs. Li/Li+) coexist and kinetically compete in O2-type

Li1.12–yNi0.17Mn0.71O2. The oxygen-redox reaction is described as a square scheme, involving bond-

forming 2O� - O2
2� and bond-cleaving O2

4� - 2O2� processes, where preventing the formation of

O2
2� is essential to realize non-polarizing and energy-efficient oxygen-redox reactions.

Broader context
Development of high-performance energy storage systems is of vital importance for realizing a sustainable society. Although lithium-ion batteries (LIBs) are the
state-of-the-art energy storage technology, a modest cathode capacity relying solely on transition-metal redox severely limits their energy density. An additional
oxygen-redox capacity, which possesses a high promise to enhance the energy density, normally causes an unacceptably large voltage hysteresis during charge/
discharge, rendering their use impractical. This work identifies the origin of the voltage hysteresis as a ‘square scheme’ involving both thermodynamic and
kinetic issues, providing a standard landscape for extra oxygen redox in battery electrodes.

Introduction

The rapid market growth of electric vehicles (EVs) has signifi-
cantly increased the industrial demands for their improved
performance, such as longer driving distance, longer calendar
life, and lower cost.1–3 For example, the driving distance of an
EV is determined by the energy density of in-vehicle lithium-ion

batteries (LIBs). However, current LIBs possess an unsatisfac-
tory gravimetric energy density of 200–250 W h kg�1, powering
typical EVs for 300–400 km per charge, which is below most
consumers’ requirements.4,5 Thus, increasing the energy den-
sity of LIBs is crucial for the widespread use of EVs.

The energy density of LIBs is limited in part by the specific
capacity of the positive electrode (cathode) material. Conven-
tional cathode materials, i.e., layered transition-metal oxides
LiMO2 (M = transition metal), deliver a modest capacity of
approximately 160 mA h g�1, where the dominant mechanism
of charge compensation for lithium-ion (de)intercalation is the
valence change of the transition metal.6–8 Further increase in
the cathode capacity requires an additional redox center. To
activate redox reactions of oxide ions (oxygen redox), lithium-
rich transition-metal oxides (Li1+xM1�xO2) have been exten-
sively studied for over a decade as they deliver much larger
reversible capacities (4 200 mA h g�1).9–12

Redox-active oxygen is generated by specific Li–O–Li and
Li–O–& (&; vacancy) local configurations in Li1+xM1�xO2,
where non-bonding O 2p states just below the Fermi level
undergo oxidation to increase the charge capacity.13–15 When
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oxidized oxide ions O� are stabilized through an M–O bond, a
nonpolarizing discharge capacity of an O�/O2� redox couple is
obtained, as reported for Na2Mn3O7 (Scheme 1).16 However,
most Li1+xM1�xO2 electrodes exhibit polarizing reduction of
peroxo-like O2

2� (e.g., Li2Ru0.5Sn0.5O3) or trapped O2 molecules
(e.g., Li1.2Ni0.13Co0.13Mn0.54O2) to deliver the discharge capacity
at a lower voltage.11,15,17–25 Considering immediate electron
transfer (O2� - O� + e�) against subsequent structural defor-
mation (O–O dimerization), the overall hypothetical mecha-
nism of the oxygen-redox reactions is described as a square
scheme (Scheme 1): if an oxidized oxide ion (O�) is stable, it
directly contributes to a non-polarizing discharge capacity (non-
polarizing O redox). Meanwhile, unstable O� dimerize to form
stable peroxo-like O2

2�, which may be accelerated by cation migra-
tion. The O2

2� dimers provide a polarizing discharge capacity
(polarizing O redox) and an unstable reduced dimer (e.g., O2

4�)
decomposes to O2�. The O–O dimerization is prone to result in
release of O2 gas (O2 evolution) by their excessive oxidation. This
sequential square-type mechanism explains the fragmental experi-
mental observations such as a large voltage hysteresis during
charge/discharge, spectroscopic detection of O2

2� or O2 in bulk
after the charging process, O2 gas release upon charge, and different
enthalpies on charge versus discharge.18–30 However, experimental
verification of the square scheme is limited in part due to compli-
cated structural changes during the oxygen-redox reactions.31–36 For
example, O3-Li1.2Ni0.2Mn0.6O2 (O3: lithium ions occupy octahedral
sites between the MO2 layers, and the packing arrangement of the
oxide ions is ABCABC) exhibits irreversible structural degradation
such as layered-to-spinel transformation and surface cation densi-
fication upon cycling.31,32 For reliable analysis, electrode materials
that possess structural integrity against the oxygen-redox reactions
should be considered.

This work focuses on O2-type lithium-rich layered
transition-metal oxides as cathode materials with structural

integrity (Fig. 1a inset, O2: lithium ions occupy octahedral sites
between the MO2 layers and the packing arrangement of the
oxide ions is ABCBA), which is an emerging class of oxygen-
redox electrode materials.37–41 In the O2-type oxides, the
structural degradation upon cycling is suppressed because
migration of M to the Li+ layers is unfavorable: M in a Li+ layer

Scheme 1 Reaction paths of an oxygen-redox reaction. ‘Non-polarizing’
and ‘polarizing’ correspond to reversible and irreversible processes,
respectively.

Fig. 1 Structural characterization and electrochemical properties of O2-
Li1.12�yNi0.17Mn0.71O2. (a) Powder X-ray diffraction pattern and crystal
structure of O2-Li1.12�yNi0.17Mn0.71O2. The black arrow highlights a super-
structure peak arising from in-plane cation ordering. The inset depicts the
structure of O2-Li1.12�yNi0.17Mn0.71O2 with an ‘abcba’-type oxide-ion
packing arrangement. (b) Galvanostatic charge/discharge curves and their
(c) dQ/dV plots at C/20 with increasing the upper cut-off voltage from 2.0
to 4.8 V vs. Li/Li+. The triangles indicate reversible redox couples, while the
arrows indicate the coexistence of non-polarizable and polarizable redox
couples.
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suffers from strong Coulombic repulsion from face-sharing Mn+

in an adjacent MO2 layer.39 Moreover, O2-type Li-rich layered
oxides exhibit negligible O2 gas release.40 As a consequence,
O2-Li1.12�yNi0.17Mn0.71O2 provides a large reversible capacity
greater than 200 mA h g�1 with minimal voltage decay and
capacity fading upon cycling.38

Taking advantage of the structural integrity of O2-
Li1.12�yNi0.17Mn0.71O2, multi-angle analyses were performed to
identify the chemical states of oxygen (O2�, O�, O2

2�, O2
4�) and

their inter-state transformation, using X-ray absorption/emis-
sion spectroscopy, magnetic susceptibility measurements, and
density functional theory calculations. Based on the electro-
chemical kinetic analysis, particularly for the 2O2� - O2

2�

transformation, technical strategies to realize non-polarizing
and energy-efficient oxygen redox will be discussed.

Results and discussion

O2-Li1.12�yNi0.17Mn0.71O2 was synthesized by the Na+/Li+ ion-
exchange method using P2-Na0.71[Li0.12Ni0.17Mn0.71]O2 (Fig. S1,
ESI†) as a precursor.38 The powder X-ray diffraction pattern of
O2-Li1.12�yNi0.17Mn0.71O2 (Fig. 1a) shows Bragg peaks indexed
to a hexagonal system (space group: P62mc, typical of the O2
phase37,42,43), indicating the successful transformation of the
P2-type sodium layered oxide to the O2-type lithium layered
oxide (i.e., ‘aba’ stacking of the transition-metal layers in an
‘ABCBA’ oxide-ion packing arrangement, Fig. 1a inset). Indeed,
a high-angle annular dark-field scanning transmission electron
microscopy image confirms the ‘aba’ stacking of the transition–
metal layers (Fig. S2, ESI†). The elemental analyses (inductively
coupled plasma atomic emission and absorption spectroscopy)
for the pristine compound determined the chemical composi-
tion of Li0.78Mn0.72Ni0.13O2. Galvanostatic charge/discharge
measurements show that O2-Li1.12�yNi0.17Mn0.71O2 delivers a
large discharge capacity of approximately 210 mA h g�1, exceed-
ing the M-redox capacity (193 mA h g�1) (Fig. S3a, ESI†). After
80 cycles, 98% of the discharge capacity in the second cycle is
retained, while the decay of the average discharge voltage is
negligibly small (o5 mV) (Fig. S3b and c, ESI†). Typically,
conventional O3-type oxygen-redox layered oxides exhibit struc-
tural degradation initiated by the migration of M to Li+

layers.33,34 In contrast, in O2-type layered oxides, Mn+ ions
migrated to Li+ layers would be subjected to strong Coulombic
repulsion from face-sharing Mn+ ions in the adjacent MO2 layers,
such that the migration of M would be energetically unfavorable to
mitigate both capacity fading and voltage decay during the charge/
discharge cycles.39 These observations are consistent with those
reported previously, i.e., O2-Li1.12�yNi0.17Mn0.71O2 exhibits a stable
oxygen-redox reaction.38

This stable oxygen-redox reaction was further investigated
by measuring the charge/discharge curves under incremental
upper cut-off voltages from 2.9 to 4.8 V vs. Li/Li+ (Fig. 1b). Under
the cut-off voltages below 4.2 V vs. Li/Li+, dQ/dV plots (Fig. 1c)
show two reversible redox reactions occurring at approximately
2.8 and 3.9 V vs. Li/Li+ with small polarizations of 0.05 and

0.13 V (purple and cyan triangles in Fig. 1c), respectively. These
two nonpolarizing dQ/dV peaks should be attributed to the
conventional redox reactions of Mn and Ni. With an increase in
the cut-off voltage above 4.2 V vs. Li/Li+, a new anodic dQ/dV
peak emerges at 4.5 V vs. Li/Li+. Correspondingly, two addi-
tional cathodic dQ/dV peaks emerge at 4.3 and 3.3 V vs. Li/Li+

(orange arrows in Fig. 1c), with the emergence of this anodic
peak, which can be attributed to the oxygen-redox reactions.
For most O3-type oxides, the oxygen-redox reaction proceeds
simultaneously with the cationic-redox reactions such as Mn4+/
Mn3+ and Ru5+/Ru4+.27,44 In contrast, the cathodic reaction at
3.3 V vs. Li/Li+ in O2-Li1.12�yNi0.17Mn0.71O2 can be ascribed
solely to the polarizing oxygen reduction coupled with oxygen
oxidation at 4.5 V vs. Li/Li+, allowing its systematic
investigation.

To identify the redox center for each dQ/dV peak, ex situ
X-ray absorption/emission spectroscopy measurements were
conducted. Fig. 2a–d shows Mn and Ni K-edge X-ray absorption
near-edge structure (XANES) spectra during the second cycle.
The redox reaction at 2.8 V vs. Li/Li+ causes a reversible shift of
the Mn K-edge XANES spectra (Fig. 2a and d), indicating that
the oxidation and reduction of Mn occur at the dQ/dV peaks of
A - B and E - F, respectively. As the Ni K-edge XANES spectra
show a reversible shift at 3.9 V vs. Li/Li+ (Fig. 2b and c), the
dQ/dV peaks of B - C and C - D can be attributed to the
oxidation and reduction of Ni, respectively. These attributions
(Mn and Ni redox reactions at 2.8 and 3.9 V vs. Li/Li+, respec-
tively) are double-confirmed by Mn and Ni L2,3-edge absorption
spectra. (Fig. S4 and S5, ESI†).

After charging to 4.8 V vs. Li/Li+, O K-edge X-ray absorption
spectroscopy shows the emergence of new absorption at
approximately 531 eV (Fig. S6, ESI†), while resonant inelastic
X-ray scattering (RIXS) spectrum with the incident photon
energy of 531 eV shows intense emission at 524 eV (spectrum
C in Fig. 2e), both of which are characteristic features of
charged oxygen-redox electrode materials.14,15,19–21,33,39,45–47

Thus, the anodic dQ/dV peak at 4.5 V vs. Li/Li+ corresponds to
the oxidation of oxide ions. These signals for oxidized oxygen
do not completely disappear even after discharging to 3.6 V vs.
Li/Li+. Instead, the disappearance is confirmed after dischar-
ging to 3.1 V vs. Li/Li+. Considering the similar emission peaks
observed for Li2O2, CaO2, and O2 molecule,19,28,48 dimerized
oxygen species O2

n� (n = 0 or 2) exists in charged O2-
Li1.12�yNi0.17Mn0.71O2 at 4.5 V. It is noteworthy that an enhance-
ment in the elastic peak region was observed after charge
(spectrum C and D in Fig. 2e). A possible explanation is the
Raman scattering arising from the vibrational transition of O–O
bond19–21 although its origin is still under debates.49,50

To obtain firm evidence of the above-mentioned sequential
chemical states of oxygen during the oxygen-redox reaction, the
magnetic properties of O2-Li1.12�yNi0.17Mn0.71O2 were mea-
sured along the C - D - E - F discharging process
(Fig. 3). Analyses of the temperature dependence of magnetic
susceptibility (w) at high temperature (T 4 200 K) (Fig. 3a and
Fig. S7, ESI†) provide two important physical quantities, the
Curie constant (C) and Weiss temperature (Y), for each state of
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discharge (C: 4.8 V, D: 3.6 V, E: 3.1 V, and F: 2.0 V vs.
Li/Li+, Fig. 3b and 3c) according to the Curie–Weiss law
(w = C(T � Y)�1). Upon discharging from 4.8 to 3.6 V (C - D
in the dQ/dV plot) and from 3.1 to 2.0 V vs. Li/Li+ (E - F), the
value of C increases (observed DC = 0.04 and 0.42 cm3 K mol�1)
mainly due to the reduction of Ni4+ to Ni2+ (S = 0 - 1,
calculated DC = 0.13 cm3 K mol�1) and Mn4+ to Mn3+

(S =3/2 - 2, calculated DC = 0.37 cm3 K mol�1), respectively.
A small difference between the observed and calculated DC at
the C–D region is owing to the nonpolarizing reduction of O� to
O2� (S = 1/2 - 0, DC o 0). The spin-state changes of the
transition metals from 4.8 to 3.6 V (C - D) and from 3.1 to
2.0 V (E - F) vs. Li/Li+ induce a large change in Y (Fig. 3c)
through the drastic modulation of super-exchange interactions.
Contrarily, both C and Y remain almost unchanged from 3.6 to
3.1 V (D - E) vs. Li/Li+, indicating the redox reaction
of diamagnetic species, i.e., the reduction of O2

2� to O2�

(S = 0 - 0, DC = 0), verifying the square scheme of the
oxygen-redox reaction, including the polarizing reduction of
O2

2� (Scheme 1). No signature is identified to support the
existence of paramagnetic O2 molecules in the bulk. Therefore,
the cathodic dQ/dV peaks at 4.3 and 3.3 V (Fig. 1c) are ascribed
to the existence of two types of reduction processes: (i) the
nonpolarizing reduction of O� (4.3 V) and (ii) the polarizing
reduction of O2

2� (3.3 V), respectively.
Considering that O2

2� formation is the origin of the voltage
hysteresis, it is crucial to minimize the polarizing discharge
capacity of O2

2� by decelerating the dimerization process of
2O�- O2

2� to maximize the energy efficiency of a battery cell.

To quantify and visualize the energetic competition for the
formation of O� versus O2

2�, density functional theory (DFT)
calculations were conducted, where the model structures of O2-
Li14/12�xNi2/12Mn8/12O2 were obtained using the genetic algo-
rithm (GA; Fig. S8–S11, ESI†). Fig. 4a shows the plots of the
magnetic moments of Mn, Ni, and O in hypothetical model
structures without O–O dimerization. The oxygen atom coordi-
nated by two transition metals is labelled as Ou, which pos-
sesses non-bonding O 2p state, while those coordinated by
three transition metals are labelled as Oc. The magnetic
moment of Ou changes from 0mB to �0.64mB at x = 0.50 -

1.17 (O2�- O� (S = 0 - 1/2)), whereas that of Oc remains constant
during the entire process (x = 0 - 1.17), which is consistent with
the other oxygen-redox cathode materials.13,15,51 In contrast, the
magnetic moments of Mn and Ni increase at x = 0 - 0.50 (Ni2+ -

Ni4+ (S = 1 - 0) and Mn3+ - Mn4+ (S = 2 - 3/2)). These calculation
results are consistent with the attributions of redox centers for the
dQ/dV plots, and emphasis should be placed on the conclusion that
the non-polarizing redox reaction of O2�/O� occurs only above the
potential of the M redox reactions.

The formation of O2
2� (2O�- O2

2�) was then simulated by
decreasing the distances of several oxygen pairs in the model
structure. For the model structures with x o 0.67, the O–O
bonds immediately cleave during structural optimization owing
to their thermodynamic instability. In contrast, the O–O dimers
survive in the optimized structures of x Z 0.67 with the bond
lengths of 1.4–1.5 Å, close to the typical experimental values of
O2

2� (1.56 Å) observed in Li2O2.52 In addition, these bond
lengths are in good agreement with those obtained by the

Fig. 2 Redox couples in O2-Li1.12�yNi0.17Mn0.71O2. dQ/dV plot during the second cycle at a charge/discharge rate of C/20. (a–d) Ex situ Mn and Ni
K-edge X-ray absorption spectra upon charge and discharge. (e) Ex situ O K-edge resonant inelastic X-ray scattering (RIXS) spectra excited by an incident
photon energy of 531 eV.
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DFT calculations for Li2MnO3.53 Importantly, O2
2� formation

energy (DfE) is negative (O2
2� favorable) for the oxygen pairs

with average magnetic moments below �0.5mB at highly oxi-
dized states (Fig. 4b). Bader charge analysis (Fig. S12, ESI†) also
indicates that over-oxidized oxide ions (o�0.5mB) are thermo-
dynamically prone to undergo the dimerization of 2O�- O2

2�.
Overall, the O–O dimerization in O2-Li1.12�yNi0.17Mn0.71O2

can be summarized by the square scheme in Fig. 5a. Upon
charge, Ou

2� with non-bonding 2p states is oxidized to O�

above 4.2 V vs. Li/Li+. At the early stage of oxygen oxidation, O�

is thermodynamically more favorable than O2
2�. However, with

further oxygen oxidation, the over-oxidized oxide ions dimerize
to form O2

2�. If a constant voltage is applied for a time
duration, Dt, after galvanostatic charge (float mode) and the
dimerization proceeds with a rate constant, k, the corres-
ponding discharge capacity (Q, in region D–E in Fig. 2) of
O2

2� is expected to increase according to the additional dimer-
ization during constant-voltage application as Q = jt1 �
FCr(t1)r�1{1 + kDtCr(t1)}�1, where j is the specific current
density, t = t1 is the time to start applying the constant voltage,
F is the Faraday constant, r is the density of the electrode

material, and Cr(t1) is the concentration of O� after charge
(t = t1). The kinetic analysis of this float-time dependence
successfully provides the dimerization rate constant as k =
3.5 � 10�2 cm3 mol�1 s�1 (‘Rate constant for dimerization of
O� under a CCCV (float) mode’, Fig. S13–S18, ESI†). Indeed,
DFT calculations using a climbing image nudged elastic band
(CI-NEB) method provide an energy barrier of 0.2–0.4 eV for
O–O dimerization in the delithiated structures, implying the

Fig. 4 Computational investigation of O–O dimerization. (a) Variation
of a magnetic moment as a function of the composition x in
Li14/12�xNi2/12Mn8/12O2. Integration radius of the ion core is 1.2 Å for all
the atoms. The large, colored circles are the averaged magnetic moments.
Oxygen coordinated by three transition metals is denoted as Oc, while
oxygen coordinated by two transition metals is denoted as Ou.
(b) Formation energy of Ou–Ou dimers (DfE) as a function of the averaged
magnetic moment, representing an extent of oxidation, of the dimerizing
Ou atoms. The bold circles correspond to the average of the formation
energy and magnetic moment of each delithiated state (x = 0.67, 0.83,
1.00, and 1.17). All the hypothetical Oc–Ou dimers exhibit immediate bond
cleavage and can be excluded from possible local structures.

Fig. 3 Spin-state variation during discharge. (a) Inverse of magnetic
susceptibility (w) as a function of temperature, (b) the Curie constant (C),
and (c) the Weiss temperature (Y) of O2-Li1.12�yNi0.17Mn0.71O2 during the
second discharge. The dQ/dV plot is provided as a voltage region refer-
ence. The Curie constant and Weiss temperature at each state-of-
discharge are the average values for the three samples. The error bars
represent standard errors.
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possible occurrence of the dimerization process (Fig. S19, ESI†).
Fig. 5b depicts the calculated concentrations of O� and O2

2� in O2-
Li1.12�yNi0.17Mn0.71O2 during the charge/discharge at C/20 using the
square scheme shown in Fig. 5a. The chemical state at the end of
charge is estimated as O2-Li1.12�yNi0.17Mn0.71O1.75(O�)0.13(O2

2�)0.06.
Upon discharge, the sequential reduction of O�, Ni, O2

2�, and Mn
occurs, where the reduction of O2

2� induces immediate O–O bond
cleavage to regenerate O2�.

It is widely accepted that O–O dimerization is accelerated by
transition-metal migration to alkali-ion layers.20,29 This is
clearly not the case for O2-Li1.12�yNi0.17Mn0.71O2 because the
MO6 octahedra share a face with the LiO6 octahedra in adjacent
Li layers, which prohibits M migration. However, as demon-
strated through the DFT calculations (Fig. 4b), the suppression
of M migration alone cannot completely mitigate O–O dimer-
ization. As shown in Fig. 5b, 12.5% of the oxide ions (0.25 oxide
ions per 2 oxide ions) are oxidized at the end of charge,
corresponding to an oxygen-redox capacity of 42 mA h g�1,
and then the O–O dimerization of the 48% oxidized oxide ions
(0.12 oxide ions per 0.25 oxidized oxide ions) occurs even
without M migration. Recently, Na2Mn3O7 was reported to
exhibit nonpolarizing oxygen-redox reaction (O�/O2�), where
14% of the oxide ions (1 oxide ion per 7 oxide ions) are oxidized
but stably exist as O� without dimerization.16 One possible
explanation is the effect of large Na+ to significantly mitigate
the M migration to the alkaline-metal layers and hence the
formation of peroxo-like O2

2�, where large prismatic sites of
Na+ layers are unfavorable for much smaller Mn+ (radii ratio

Na+/Mn+ B 1.6 vs. Li+/Mn+ B 1.2).54,55 Alternatively, or in parallel,
covalent Ni4+–O2

2� interaction (strong ligand-to-metal charge
transfer) promotes the O–O dimerization as compared to ionic
Mn4+–O2

2� interaction. Indeed, average O2
2� formation energy

(DfE) for the O pairs coordinated to Ni is lower than that for the
O pairs coordinated to Mn (Fig. S20, ESI†). Therefore, in addition to
mitigating the M migration, selecting less electronegative transition
metals (e.g., Ti, Mn), which can suppress O–O dimerization is
crucial to maximize the non-polarizing oxygen-redox capacity.

Conclusions

Kinetic formation of the peroxo-like O2
2� dimer was identified

as the origin of a voltage hysteresis in O2-type Li1.12–y

Ni0.17Mn0.71O2. Even in O2-type layered oxides that prohibit M
migration, O2

2� is thermodynamically favorable under certain
high-voltage conditions where the oxide ions are over-oxidized.
Multiple experimental and theoretical investigations have
revealed that (i) O2� - O� is dominant at an early stage of
oxygen oxidation, while (ii) 2O�- O2

2� becomes energetically
favorable at over oxidation. However, (iii) 2O�- O2

2� requires
O–O bond formation, causing (iv) coexistence of O� and O2

2� at
charged states, followed by simultaneous emergence of non-
polarizing direct O� - O2� reduction at 4.3 V and polarizing
O2

2� - O2
4� reduction at 3.2 V upon discharge, where (v) the

O2
2� - O2

4� reduction capacity at 3.2 V is pronounced by
prolonged float charging at 4.8 V. However, as O–O

Fig. 5 Square scheme of oxygen-redox reaction in O2-Li1.12�yNi0.17Mn0.71O2. (a) Square scheme for polarizing oxygen-redox reaction. The oxidation of
O2� to unstable O� above 4.3 V vs. Li/Li+ leads to stable peroxide O2

2� formation with a rate constant of k = 3.5 � 10�2 cm3 mol�1 s�1, while the
reduction of O2

2� to unstable O2
4� at 3.3 V vs. Li/Li+ induces immediate bond cleavage to O2�. (b) Time dependence of O� and O2

2� concentration upon
charge/discharge at C/20 calculated using the kinetic model based on the square scheme.
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dimerization is a kinetic process that occurs after oxidation of
O2� to O�, a part of O� survives to contribute to the nonpolar-
izing discharge capacity through reversible O2�/O� redox reac-
tion. These insights emphasize the importance of suppressing
the formation of O2

2� and maximizing the contribution of the
nonpolarizing O2�/O� redox couple to develop energy-efficient
oxygen-redox battery electrodes. The square scheme confirmed
in this work, involving both thermodynamic and kinetic issues,
encompasses all the reaction models proposed thus far in the
literature and provides a standard landscape for extra oxygen
redox in battery electrodes.

Methods
Materials

O2-type Li1.12�yNi0.17Mn0.71O2 was synthesized by the Na+/Li+

ion-exchange method.32 Stoichiometric amounts of NiSO4�
6H2O (Wako Pure Chemical Industries, Ltd, min. 98.0%) and
MnSO4�5H2O (Wako Pure Chemical Industries, Ltd, min.
99.9%) were dissolved in distilled water with a total metal
concentration of 0.5 mol dm�3. In parallel, a 0.5 mol dm�3

Na2CO3 (Wako Pure Chemical Industries, Ltd, min. 99.8%)
aqueous solution was prepared. The two solutions were slowly
dropped into a beaker of distilled water at 70 1C and stirred
continuously. After 1 h, the precipitate was filtered and washed
with distilled water and ethanol to remove sodium. The product
was dried overnight in vacuum at 120 1C. The resulting metal
carbonate was mixed with stoichiometric amounts of Na2CO3

and Li2CO3 (Wako Pure Chemical Industries, Ltd., min. 99.0%)
to obtain an intermediate P2-Na0.71[Li0.12Ni0.17Mn0.71]O2 phase.
The mixture was pressed into a pellet and heated at 800 1C for 8 h
under dry air. Ion-exchange from Na+ to Li+ was conducted using
the molten-salt method.38 The P2-Na0.71[Li0.12Ni0.17Mn0.71]O2 pow-
der was mixed with LiNO3 (Wako Pure Chemical Industries, Ltd)
and LiCl (Wako Pure Chemical Industries, Ltd, min. 99.0%) in a
molar ratio of 82 : 18 to obtain a Na : Li ratio of 1 : 10 in an Ar-filled
glovebox. This mixture was heated at 280 1C for 4 h in air. The final
product was filtered and washed with distilled water and ethanol.
The powder was dried overnight in vacuum at 120 1C.

Materials characterization

Powder X-ray diffraction patterns were measured using Rigaku
RINT-TTR III (Cu Ka radiation) in 0.021 steps over a 2y range of
101–801. The P2 and O2 phases were analyzed under an Ar
atmosphere using an airtight sample holder. The crystal struc-
tures were drawn by VESTA.56 A high-angle annular dark-field
scanning transmission electron microscope image was
recorded using Themis Z (Thermo Fisher Scientific) with an
acceleration voltage of 300 kV. A thin specimen was prepared
using a focused ion beam of Ga using JIB-4501 (JEOL) at
�180 1C. The elemental analyses were carried out using the
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) (Seiko SPS4000) and ICP atomic absorption spectroscopy
(ICP-AAS) (Hitachi Z-2300).

Electrochemical measurements

Electrochemical measurements were performed using 2032-
type coin cells assembled in an Ar-filled glovebox. To prepare
the working electrodes, a slurry composed of active material
(80 wt%), acetylene black (10 wt%) (Li-400, DENKA) and
poly(vinylidene fluoride) (10 wt%) (KUREHA) mixed in N-
methyl pyrrolidone (Kanto Chemical Co., Inc., min. 99.0%)
was coated onto an Al foil and then dried overnight at 65 1C
in air. The counter electrodes were Li foil (Honjo Metal Co.,
Ltd). The electrolyte was 1 mol dm�3 LiPF6 in a 1 : 1 (v/v)
mixture of ethylene carbonate and dimethyl carbonate (battery
grade, Kishida Chemical Co., Ltd). The separators used were
glass fibers (GB-100R, Advantec) dried overnight at 180 1C in
vacuum. Galvanostatic charge/discharge measurements were
performed using a potentio-galvanostat, TOSCAT (TOYO Cor-
poration). For ex situ analyses, the cells were disassembled in
the Ar-filled glovebox. The electrodes were rinsed with dimethyl
carbonate (Kishida Chemical) three times and dried in vacuum
at 25 1C.

Hard X-ray spectroscopy

Ex situ Mn and Ni K-edge X-ray absorption near edge structure
(XANES) spectra were collected at room temperature in a
transmission mode at BL-9C in Photon Factory, High Energy
Accelerator Research Organization (KEK), Tsukuba, Japan. For
Mn K-edge XAFS measurements, initial and final energy were
6502.6 and 6607.6 eV with an energy step of 0.3 eV. Photon
energy was calibrated by setting a peak top of first derivative of
K-edge XANES spectrum for Mn foil at 6539 eV. For Ni K-edge
XAFS measurements, initial and final energy were 8296.7 and
8401.7 eV with an energy step of 0.3 eV. Photon energy was
calibrated by setting a peak top of first derivative of K-edge
XANES spectrum for Ni foil at 8333 eV. The electrodes after
charging/discharging were wrapped with a Kapton tape to
prevent exposure to air. Thereafter, data analysis was per-
formed using Athena software.57

Soft X-ray spectroscopy

Ex situ soft X-ray absorption spectra (XAS) and resonant inelas-
tic X-ray scattering (RIXS) spectra were measured at room
temperature in vacuum at BL07LSU and BL27SU in Spring-8,
Hyogo, Japan.58 All the samples were transferred from an Ar-
filled glovebox into a vacuum chamber using a transfer vessel
without air exposure. A partial fluorescence yield (PFY) mode
was adopted for the O K-edge and Ni L2,3-edge XAS and inverse
PFY mode for the Mn L2,3-edge XAS using inversed intensity of
O Ka emission to prevent the distortion of spectra due to self-
absorption and saturation effect.59,60 The RIXS spectra were
collected for the O K-edge. A silicon-drift detector was used for
Mn and Ni L2,3-egdge XAS and O K-edge XAS measurements.
The total energy resolution of the RIXS measurement at
BL07LSU was DE B 160 meV at 530 eV. Mass loading of
electrodes was 1.06 mg cm�2 and thickness of electrode was
approximately 15 mm for soft XAS/RIXS measurements.
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Magnetic measurements

Magnetic susceptibility measurements were performed using
an MPMS-5S SQUID magnetometer (Quantum Design) in the
temperature range of 5–300 K under an applied field of 0.1 T.
All the samples were packed into capsules to prevent exposure
to air. The obtained data were corrected considering the core
diamagnetism based on Pascal’s constants.

Ab initio calculations

Ab initio calculations were performed using the Vienna
ab initio simulation package with the projected augmented-
wave method.61–65 To model O2-type Li1.12–yNi0.17Mn0.71O2,
Li14Ni2Mn8O24 (Z = 12) was prepared as a unit cell. The
arrangements of Li/Ni/Mn in the transition-metal layers were
determined using the genetic algorithm (GA) approach. The GA
calculation details are introduced in the next section. The total
energies were calculated based on density functional theory
(DFT) using the generalized gradient approximation of Perdew–
Burke–Ernzerhof exchange–correlation functional with Hub-
bard U = 5.04 and 5.10 eV for Ni and Mn, respectively, to correct
the self-interaction error of correlated d electrons.66 The energy
cut-off and the number of k-points in the reciprocal cell were
300 eV and unity (G-point sampling), respectively. All the
calculations were performed considering the initial ferromag-
netic ordering of the Ni and Mn atoms. The lattice parameters
and atomic positions were relaxed until the forces on each atom
were less than 0.01 eV Å�1. After the GA procedure, the five
lowest-energy structures were recalculated with an energy cut-
off of 520 eV and a k-point mesh of 4 � 3 � 3. Similarly, the
Li/vacancy arrangements in the delithiated phases of Li14–z

Ni2Mn8O24 (4 r z r 10 at intervals of 2) were also determined
using the GA approach, and the total energies of the five lowest-
energy structures were recalculated for each Li composition. In
the case of z = 2 and 12, the total energies for all the Li/vacancy
arrangements were calculated for possible structures. For elec-
tronic structure analysis, the hybrid functional introduced by
Heyd–Scuseria–Ernzerhof (HSE) was used with the exact
exchange fraction in the Hartree–Fock/DFT hybrid functional
and range-separation parameter of 0.25 and 0.2, respectively
(HSE06).67 The Bader charge was calculated using the script
provided by Henkelman’s group.68–71 Dimerization energy (DfE)
is defined as follows:

DfE = E(Li14–zNi2Mn8O22(O2
n�)) � E(Li14–zNi2Mn8O24)

where E(Li14–zNi2Mn8O22(O2
n�)) and E(Li14–zNi2Mn8O24) are the

total energies of the unit cells with and without peroxo-like
O2

n�, respectively. CI-NEB calculation72 was performed using a
supercell of 2 � 1 � 1 (96 atoms).

Details of genetic algorithm

The arrangements of Li/vacancy/Ni/Mn in O2-type Li14–z

Ni2Mn8O24 were optimized by the genetic algorithm (GA). A
molar ratio of Li/Ni/Mn in a fully lithiated phase was set to
reproduce the experimental composition (Li1.12Ni0.17Mn0.71O2).
Layered O2-type LiCoO2 in a hexagonal structure (a space group

of P63mc, 8 atoms) was used to prepare a supercell (48 atoms).
Six cationic octahedral sites in each transition-metal layer
contain one Li, one Ni, and four Mn atoms, while twelve
octahedral sites in the Li layers were occupied by only Li atoms.
In the GA procedure, a Li/Ni/Mn arrangement is regarded as a
tertiary string consisting of four labels, 0 (Li), 1 (Ni), and 2, (Mn)
and each cationic site was assigned to a specific string index.
We prepared 20 configurations with random Li/Ni/Mn arrange-
ments in the cationic sites and calculated the total electron
energies based on DFT with a low energy cut-off (300 eV) and
single k-point mesh to accelerate the calculations. Twelve
lowest-energy structures among twenty candidates (60%) were
selected as survivors and their structural features were inher-
ited to the next generation by following the four points. First,
the three best structures survived without any changes. Second,
eight new structures were produced using the two-point cross-
over technique. Third, eight structures were produced by the
half-uniform crossover technique. Fourth, four structures were
produced by the mutation technique. The algorithm for the
travelling salesman problem was adopted to maintain the
molar ratio of Li/Ni/Mn during the above four genetic manip-
ulations. The generated structures were selected to be incon-
sistent with the previously calculated configuration (a random
cation arrangement is chosen if the above genetic operation
cannot produce a new structure). Repeating this procedure
determines the lowest-energy structure heuristically. The Li/
vacancy arrangements in the delithiated phases of Li14-z

Ni2Mn8O24 (4 r z r 10 at intervals of 2) were also determined
with the secondary strings in the GA approach but the number
of structures per generation was reduced to 10 for z = 4 and 10.
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