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A B S T R A C T   

The layered Mn-rich oxide cathode materials with oxygen redox activity are highly appealing in sodium-ion (Na- 
ion) batteries because of their high energy density and low cost. However, the applications of such materials are 
hindered by issues such as low Mn redox potential and irreversible phase transformation. Rational modulation of 
the ordering of the transition metal (TM) layer can inhibit the constraints and stabilize the anionic redox re-
actions. Herein we introduce stable Li/Mn anti-siting in the TM layer of P2-type Na0.6Li0.2Mn0.8O2 as a strategy to 
create abundant Mn sites and O sites that are inequivalent to the counterpart of each in the lattice, and thus to 
prompt the diverse Mn and O redox. The self-locking of the anti-siting energetically inhibits the P2-O2 phase 
transformation and the resultant structural degradations. In addition, such modulation activates more Mn in 
charge compensation at high potentials. As a result, this regulation increases the reversible capacity from 104.2 
mAh g− 1 to 153.7 mAh g− 1 and enhances the cycling stability of Na0.6Li0.2Mn0.8O2. This anti-siting strategy offers 
a new solution to designing cathode materials with high structural stability and high energy density.   

1. Introduction 

With the increasing demands for a fossil-fuel-free world, sodium-ion 
batteries (SIBs) are employed in applications such as grid energy storage 
and photovoltaic engineering [1,2]. Layered transition metal (TM) oxide 
cathode materials are desirable on account of their high energy density 
[3], among which the Mn-rich layer-structured cathode materials with 
lattice oxygen redox are particularly promising because of their low cost 
and low toxicity [4]. However, the commercialization of these materials 
meets inherent challenges such as low Mn redox potential and structural 
transformation during cycling [5]. Some of these originate from the Mn 
redox while some others are related to the oxygen (anionic) oxidation. 

Therefore, it is vital to address these issues by stabilizing the structure 
and cationic/anionic redox reactions. 

The adjustability of the TM layer (such as ordering/disordering, 
heteroatoms and their contents) makes it possible to conduct diverse 
regulations to modify the cationic/anionic redox [6]. On one hand, 
TM-modulation has been employed to address issues associated with the 
cation redox. For example, Li doping in the TM layer of NaxCu0.11-

Ni0.11Fe0.3Mn0.48O2 modulates its localized electronic structure and 
optimizes the TM redox [7]. Yang et al. in this group introduce TM va-
cancies in P2-Na2/3[Zn2/9Mn7/9]O2 to shorten the Mn-O bond, 
enhancing the content of the low-spin Mn3+ and inhibiting the P2-P′2 
structural transformation [8]. On the other hand, TM regulation holds 
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promise in resolving issues related to the anionic (O2− ) redox. Substi-
tution of Sn or Zr for Mn in Na0.66Li0.22Mn0.78O2 effectively alleviates 
the anisotropic Mn-O coupling and the oxygen loss [9]. Qi et al. pointed 
out that a honeycomb superstructure is formed in Na0.6Li0.2Mn0.73-

Fe0.07O2 and Fe-substitution mitigates its oxygen loss and the structural 
transformation [10]. However, the above efforts were focused only on 
regulating either the Mn redox at low potentials or the oxygen redox at 
high potentials. Therefore, it is required to design a proper TM layer for 
a more desirable layered oxide. 

Anti-siting (TM migration into the alkali metal (AM) layer and vice 
versa) has been employed in layered cathode materials to effectively 
enhance the structural stability. For example, the Ho doping in O3-type 
NaMn1/3Fe1/3Ni1/3O2 induces Na/Mn anti-siting and enables more O 
lone-pair electrons to participate in the charge compensation [11]. A 
Li/Ni anti-siting in LiNi0.88Co0.09Al0.03O2 suppresses the TM migration 
and the transformation to spinel [12]. However, some of these migra-
tions from AM to TM layer (AM/TM anti-siting) degrade the Li/Na-ion 
diffusivity, structural stability and cycling performance [3,13,14]. 
Inspired with the gliding of the TM layer in Li2RuO3 driven by the 
minimized coulombic repulsion [15], we suppose that introducing of 
TM/TM anti-siting might lead to approaches for achieving more stable 
structures via minimizing the coulombic repulsions. 

Herein, we design a LiTM/MnTM anti-siting in the P2-type 
Na0.6Li0.2Mn0.8O2 by quenching it in liquid nitrogen. The idea was 
inspired with the facts that quenching at high temperature has been 
popularly applied to modify the atomic arrangements of materials [16, 
17]. The self-locked LiTM/MnTM anti-siting is realized by the alternative 
stacking of Li and Mn in a TM layer and in the neighboring TM layer, 
resulting in the minimized coulombic repulsions. This modulation 

simultaneously enhances both the structural stabilization and the 
cationic and anionic redox. Meanwhile, it eliminates the negative effects 
of the previously reported AM/TM anti-siting strategy. The anti-sited 
structure elevates the Mn redox potential and increases the reversible 
capacity of the material. In combination with the density functional 
theory (DFT) calculations, we demonstrate that the anti-siting enriches 
the O configurations in Na0.6Li0.2Mn0.8O2 and facilitates the O oxidation, 
and the self-locking feature energetically restrains the phase trans-
formation. Therefore, anti-siting is highlighted for enhancing the 
structural stability and redox activity of layered Mn-rich oxide cathode 
materials. 

2. Results and discussion 

2.1. Structure and Li/Mn anti-siting 

P2-type Na0.6Li0.2Mn0.8O2 with ribbon-ordered superstructure was 
synthesized by a solid-state reaction at 900 ◦C for 12 h and subsequent 
natural cooling (sample P hereafter). Sample Q was obtained by 
quenching sample P in liquid nitrogen when it was naturally cooled 
down to 700 ◦C. The weak diffractions (marked with green rectangles in 
Fig. S1) are the fingerprints of the ribbon-ordered Li/Mn superstructure 
in the TM layer [18]. Fig. 1a1 shows the schematic illustrations of the 
structure [19], the basis for identifying the Miller indices for a crystal-
lographic plane. The TM layer of sample P presents a ribbon-ordered 
arrangement in the sequence of Li-Mn-Mn-Mn-Mn. 

Samples P and Q are similar in morphology (Fig. S2) and elemental 
composition (Table S1). However, the quenching processing results in a 
slightly smoother surface for sample Q. The above weak diffractions in 

Fig. 1. The structures of samples P and Q: (a) the schematic structures of sample P (a1) and sample Q (a2) and the transformation between them; (b) the XRD pattern 
of sample Q and its Rietveld refinement results; the experimental SAED patterns (c1 and d1 for sample P; c2 and d2 for sample Q; the green arrows highlight the 
ribbon-ordered superstructure while the orange arrows highlight the new superstructure); the simulated electron diffraction patterns (c3 and d3, all based on the 
schematic structure with Li/Mn anti-siting) and the STEM-HAADF images (c4 and d4) for sample Q. The zone axes are the [100] and [110] for sample Q and the 
equivalent zone axes for sample P. 
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sample P become absent in sample Q, implying that quenching destroys 
the TM superlattice (Fig. 1b). The Rietveld refinement to the X-ray 
diffraction (XRD) patterns of both samples P and Q (Table S2) indicates 
that they share similar lattice parameters and both can be indexed to the 
P63/mmc space group [18]. Both samples are P2-type oxides with Na on 
the triangular prismatic sites. Therefore, anti-siting is supposed to occur 
during quenching. Fig. 1a2 illustrates the schematic structural diagram 
of sample Q. In sample Q, the alternative stacking of Li and Mn in a TM 
layer and in the neighboring TM layers (that is, Li-Li-Mn vs. Li-Mn-Li 
sequences and Li-Li-Mn vs. Mn-Mn-Li sequences) forms a self-locked 
Li/Mn anti-siting. Evaluation with the refined isotropic thermal 
displacement parameter (Biso) shows that the Li/Mn mixing in sample Q 
is more severe than in sample P (Biso(Li) = 1.775 for sample Q vs. 0.329 
for sample P). This means that the ribbon-ordering in the TM layer is lost 
in sample Q in view of a microscale. 

Some new diffractions can be observed in the selected area electron 
diffraction (SAED) patterns of sample Q along the [100] and [110] zone 
axes (Fig. 1c and d). The green arrows highlight the diffractions of the 
ribbon-ordered superstructure in sample P (Fig. 1c1 and d1). Two extra 
rows of diffraction spots appear in sample Q along the b-axis in addition 

to the primary diffraction spots from the P63/mmc space group (Fig. 1c2 
and d2; the orange arrows highlight the new superstructure). We con-
structed a Li/Mn anti-siting modulated supercell by expanding the P63/ 
mmc unit cell (the same as the reported P2-type Na0.6MnO2) [20] twice 
along the a-axis and three times along the b-axis (Fig. 1b2) on the basis 
of the periodicity and the extinction rule of the electron diffraction 
patterns; the black arrows highlight the anti-sited structure. Therefore, 
structural modulation is realized by anti-siting the TM ions in the TM 
layer (TMTM) and the Li ions in the TM layer (LiTM) (LiTM/MnTM). The 
modulated supercell can be indexed to the P1 space group, a = b =
8.5536 Å, c = 11.1421 Å, α = β = 90◦, γ = 120◦ (see Table S3 for more 
details). The simulated electron diffraction patterns along the [110] 
(Fig. 1c3), [100] (Fig. 1d3), and [130] (Fig. S3b) zone axes well match 
the experimental SAED patterns (Fig. 1c2 and 1d2, Fig. S3a), indicating 
the reasonability and correctness of the above constructed supercell. To 
our knowledge, this is the first time when TM anti-siting is constructed 
in a cathode material. Comparisons of the structures (schematic) and 
simulated SAED patterns of the anti-siting and crystallographic dis-
ordering indicate that the anti-siting ordering structure is different from 
the intralayer Li/Mn disordering one (Fig. S4). It is clearly shown that 

Fig. 2. The structural evolution of sample Q during cycling. The SAED, STEM-HAADF, STEM-ABF, and enlarged STEM-ABF images (from left to right) of (a) dis-
charged to 1.5 V in the 2nd cycle, (b) the initially charged to 4.5 V, and (c) charged to 4.5 V in the 10th cycle. (d) the in situ XRD pattern between 1.5 and 4.4 V in the 
1st cycle. 
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the two structures have distinct atomic coordination environments. The 
disordering model randomly generated by Vienna ab initio simulation 
package (VASP) [21] cannot accurately match the atomic coordination 
environment of the intralayer Li/Mn anti-siting. Therefore, we adopted 
the anti-siting structure as the fundamental model. 

The scanning transmission electron microscopy-high angle angular 
dark field (STEM-HAADF) imaging (Fig. 1c4 and d4, Fig. S3c) verifies 
the well-defined P2-type layered structure of sample Q. The anti-sited 
structure replaces the ribbon-ordered superstructure and thus gives 
rise to the homogeneous contrast in the TM layer. On the other hand, 
sample P holds only a ribbon-ordered Li/Mn superstructure along the 
[100] and [001] zone axes (Fig. S5), consistent with the previous reports 
[18,19]. 

With the above discussion, we recognized anti-siting in the quenched 
Na0.6Li0.2Mn0.8O2 in various dimensions. XRD suggests that the anti- 
siting modulates the long-range (at a micron scale) ribbon-ordering 
within the TM layer, the STEM imaging visually displays a well- 
defined layered structure with the anti-sited arrangement at the 
atomic scale and the simulated electron diffraction pattern well agrees 
with the experimental SAED pattern. Therefore, we have successfully 
modulated the structure of the ribbon-ordered P2-Na0.6Li0.2Mn0.8O2 
with Li/Mn anti-siting and confirmed this regulation. In addition, such a 
LiTM/MnTM anti-siting structure has not been elaborated by electron 
microscopy before. 

2.2. Self-locked TM sequence and reinforced structural stability 

The structural evolutions of samples P and Q were elucidated during 
cycling between 1.5 and 4.5 V vs. Na+/Na. XRD shows that sample Q 
preserves its P2-type structure characteristic of the strong (10l) peaks 
until it is charged to 4.5 V (Fig. S6). In contrast, an additional peak 
associated with the O2 phase appears on the right of the (002) diffrac-
tion peak of sample P in this process. 

The (100) diffraction peak splits into two peaks as sample Q is dis-
charged to 1.5 V. One of them retains its original position while the other 
shifts to the low angle. Despite of changes in the a-axis, its P2 structure is 
maintained in 20 cycles; no distorted phase appears (large Jahn-Teller 
(J-T) distortion becomes apparent in P2-type Na2/3Zn2/9Mn7/9O2, for 
example [8].). 

In accordance with XRD, the STEM imaging shows that both samples 
exhibit well-defined layered structures in the bulk and on the surface at 
the end of the initial discharge (1.5 V) (Fig. S7). However, different from 
sample P in which distortions appear on the surface (Fig. S8), the P2- 
type structure and the anti-siting feature can still be observed in sam-
ple Q after 2 full cycles (Fig. 2a). The disparity between these two 
samples becomes more obvious after 10 cycles (Fig. S9 and S10). Spinel 
domains are observed on the surface of sample P (Fig. S9h). In contrast, 
the STEM imaging confirms the preservation of the P2 structure of the 
discharged sample Q (10 cycles; Fig. S11c). 

The charged samples were tested to illuminate the impact of anti- 

Fig. 3. The charge compensation mechanism of sample Q during cycling. (a, b) The XAS spectra of the Mn L3-edge in the IPFY mode (a), the O K-edge in the TFY 
mode (b) at different states. The solid and dashed lines in (a) are the experimental and simulating results, respectively. The blue and red dashed lines in (b) are the 
states in the 2nd and 20th cycles, respectively. (c-e) The crystal structure of sample Q (c), the ABCs (d) and oxygen vacancy formation energies (e) of inequivalent O 
atoms during desodiation. The yellow ball is for Na, green for Li, purple for Mn, and red for O. The right of (c) correspondingly shows that sample Q contains four 
different coordination environments of O atoms, i.e., O-Li3Na2vac, O-Li2MnNa3, O-Mn3Na2vac, and O-LiMn2Na2vac. While sample P only contains O-Mn3Na2vac 
and O-LiMn2Na2vac. The numbers in (e) indicate the Na contents in NaxLi0.2Mn0.8O2. 
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siting on the P2-O2 phase transformation at high potentials. Spinel-like 
domains were observed on the surface of sample P (10 cycles; Fig. S9a). 
Many cracks and voids appear in the bulk (Fig. S9b to f) due to the large 
internal strain accumulated with the irreversible P2-O2 phase trans-
formation as a result of gliding of the TM slabs [22,23]. Meanwhile, the 
ribbon-ordering and TM-disordering regions coexist in the bulk 
(Fig. S10). These demonstrate the poor structural stability and the 
structural degradation of sample P during cycling. On the contrary, the 
enlarged STEM-angular bright field (STEM-ABF) imaging demonstrates 
the effective mitigation of the P2-O2 phase transformation (Fig. 2b, c), 
in agreement with XRD. Only negligible shrinkage is observed in the TM 
layer spacing on the surface (Fig. S11a, b). 

Extended X-ray absorption fine structure (EXAFS) was conducted to 
characterize the coordination environment of Mn (Fig. S12). The 
amplitude of the peak is related to the coordination number around the 
central atom (Mn) while the peak position is related to the radius of the 
coordination sphere [24,25]. Therefore, the peaks at ~1.5 Å and ~2.5 Å 

are assigned to the TM-O bonding (in the first coordination sphere) and 
the TM-TM bonding (in the second coordination sphere), respectively. 
As the cells are charged to 4.5 V, the intensity for the Mn-O bonding peak 
in sample P apparently declines due to the O oxidation and structural 
disordering [26,27]. In contrast, the better preservation of the Mn-O 
bond intensity in sample Q is attributed to the mitigated loss of oxy-
gen upon charging [26], as is supported with the gas evolution test by 
the differential electrochemical mass spectroscopy (DEMS; Fig. 4f). 
Meanwhile, the variation of the Mn-O peak position is negligible in 
sample Q because of the mitigated structural disordering [27]. The 
Mn-TM peaks of samples P and Q shift towards the low angles due to the 
decreased ionic radius after oxidation. As these two samples are dis-
charged to 1.5 V, the intensities of the peaks become weak because of the 
structural disordering, which can be related to the formation of Mn3+

[28]. The peak positions shift towards the large distance (bond length), 
deriving from the elongation of the Mn-O and Mn-TM bonds after Mn 
reduction. The peak position varies more for sample Q because of the 

Fig. 4. Comparison of the electrochemical performances. (a, b) The charge/discharge profiles of sample P (a) and sample Q (b) in the 1st, 11th, and 21st cycles 
between 2.0 and 4.5 V at a current density of 20 mA g− 1. (c) The charge/discharge profiles of sample Q in the 1st, 11th, and 21st cycles between 1.5 and 4.5 V at a 
current density of 20 mA g− 1. (d) The cycling performance of sample Q between 1.5 and 4.5 V at a current density of 100 mA g− 1. (f) The operando DEMS of sample Q 
between OCV and 4.5 V in the 1st cycle at a current density of 20 mA g− 1. (e) The cycling performances between 1.5 and 3.0 V at a current density of 20 mA g− 1. (g, h) 
The CV curves of sample P (g) and sample Q (h) between 1.5 and 4.5 V in the 1st and 2nd cycles at a scan rate of 0.1 mV s− 1. 

L. Wang et al.                                                                                                                                                                                                                                   



Energy Storage Materials 70 (2024) 103479

6

deeper reduction of its Mn ions than that of sample P. 
In situ XRD was carried out to compare the structural evolution in the 

initial cycle between 1.5 and 4.4 V (Fig. 2d). The (002) and (004) 
diffraction peaks shift to the low angles due to the increased repulsion 
between the adjacent oxygen layers after Na+ extraction. Trace for the 
P2-O2 transformation is not observed in sample Q. The absence of the 
phase transformation maintains in the subsequent discharge and 
cycling. The (002) diffraction peak shifts to the high angle due to the 
decreased O–O repulsion after the re-insertion of the Na+ ions. The Mn 
reduction results in the elongation of the Mn-O bond (the (100) 
diffraction peak shifts to low angle). These in situ observations are 
consistent with the ex situ XRD results. 

On the basis of the 3 × 4 × 2 supercells of Na0.6-xLi0.2Mn0.8O2 (x =
0.4; corresponding to ca. 4.5 V vs. Na+/Na for samples in Fig. 1a, ab initio 
density functional theory (DFT) calculations were carried out to un-
derstand the anti-siting enhanced structural stability. The ab initio 
molecular dynamics (AIMD) simulations reveal that Mn migration to the 
Na layer only occurs in the ribbon-ordered structure when the structure 
becomes stable after 1 ps (Fig. S13). Meanwhile, the climbing image- 
nudged elastic band (CI-NEB) calculations indicate that the energy 
barrier for Mn migration to the Na layer in the anti-sited 
Na0.2Li0.2Mn0.8O2 (4.4 eV) is higher than in the ribbon-ordered 
Na0.2Li0.2Mn0.8O2 (2.8 eV) (Fig. S14). In addition, the anti-sited 
arrangement hinders the P2-O2 phase transformation (Fig. S15). These 
interpret the anti-siting enhanced structural stability. That is, the anti- 
siting restricts the Mn migration and the P2-O2 phase transformation 
at the deeply desodiated state. Therefore, the anti-sited sample Q ex-
hibits a stable structure and keeps a single-phase reaction during 
cycling. 

2.3. Enhanced charge compensation 

Soft X-ray absorption spectroscopy (XAS; Fig. 3a-b and S16a-b) at the 
Mn l-edge and the O K-edge were performed to investigate the charge 
compensation mechanism during cycling. The energy position and 
multiplet spectral feature of the 3d TM L2,3-edge sXAS spectra are highly 
sensitive to their valence state [29,30] and local environment [31-33]. 
Here, we use an inverse partial fluorescence yield (IPFY) mode, which is 
bulk-sensitive, but self-absorption free as compared to total fluorescence 
yield (TFY). In case of mixed valence Mn oxide, the average valence state 
can be obtained by simple supposition of spectra from different valence 
states [34,35]. We have found slightly more Mn3+ ions in the bulk of the 
as-prepared sample Q than in sample P (4.1% vs. 3.4%; see the simu-
lating results in Fig. S17 with LaMnO3 and Li2MnO3 as the Mn3+ and 
Mn4+ references). The Mn3+ ions are oxidized to Mn4+ as the cell is 
charged to 4.5 V, contributing extra capacity in the initial charge 
(Fig. 4a). After discharge, more Mn3+ ions can be detected in the 1.5 V 
discharged sample Q than in sample P, due to the activation of more 
Mn4+ ions for reduction in the bulk of sample Q (40.9% vs. 13.1%; 
Fig. S17). The activation of Mn redox is supported with the following 
electrochemical test (Fig. 4c). Therefore, more Mn3+ ions are generated 
in the bulk of the anti-sited sample Q for charge compensation. 

The O K-edge spectra were obtained using the bulk-sensitive TFY 
mode (Fig. 3b). The pre-edge peaks originate from the transition from O 
1s core level to the unoccupied O 2p states hybridized with Mn 3d or-
bitals [36]. The energy position of the pre-edge peaks shifts to the low 
energy and the spectral intensity of the pre-edge peaks increases with 
the increase in the valence state of the 3d element [36,37], therefore the 
increase or decrease in the spectral weight of the pre-edge peak can 
generally be used to judge the variation in the valence state of 3d 
element [38-40]. The peaks at lower energy (~529.6 eV) and higher 
energy (~531.9 eV) stand for the t2g↓eg↑ and eg↓ related orbitals, 
respectively [34,41]. One can see that the intensity of the pre-edge peaks 
increases as the cells are charged to 4.5 V. Comparison of the pre-edge 
intensity of the as-prepared and the initially charge samples (both P 
and Q) indicates that the charging-induced increase of the electron holes 

in the oxygen atoms is more significant in sample Q than in sample P 
(Fig. S16c). When sample Q is recharged to 4.5 V, the O K-edge is similar 
to the counterpart in the initial charge, indicating the reversible oxygen 
redox (blue dashed line in Fig. 3b). During discharging, the intensity of 
the pre-edge peaks decreases on account of the reoccupied O 2p states 
and the reduced valence of Mn [42]. After 20 full cycles, the decreased 
intensity of the pre-edge peaks indicates that the Mn valence in the 20th 

discharged sample Q is slightly lower than that in the 1st discharged 
sample (red dashed line in Fig. 3b). In addition, the weak peak at ca. 
533.5 eV is related to the carbonaceous component (Na2CO3 or 
cathode-electrolyte interphase (CEI) layer) on the surface of as-prepared 
sample Q; it disappears after charging [7]. 

The Mn K-edge of XANES can be used to study the valence state of Mn 
(Fig. S18) [43,44]. The absorption edges (at ~0.7 of normalized in-
tensity) [45,46] of as-prepared sample P and Q are similar, demon-
strating their similar valence states of Mn. After charging, the shape of 
the main peak, which mainly represents information of crystal structure, 
shows the more significant change in sample P than that in sample Q, 
indicating the larger distortion of its local structure during Na+ extrac-
tion in the former [24]. When the cells are discharged to 1.5 V, the 
shifting of the absorption edge to the low energy indicates a decrease in 
the low valence state of Mn ions in line with the above simulating XAS 
results (Fig. S17) [47]. 

In order to reveal the mechanism of the improved oxygen charge 
compensation in sample Q, density functional theory (DFT) calculations 
were conducted. Fig. S19 compares the density of states (DOS) of sam-
ples P (Fig. S19a, c and e) and Q (Fig. S19b, d and f). The Mn 3d band 
near the Fermi level is split in the anti-sited structure. This facilitates the 
charge transfer from the O 2p band to the Mn 3d band above the Fermi 
level [11]. In addition, the decrease of the band gap in the projected 
density of states (pDOS) facilitates the electronic conductivity of the 
anti-sited sample Q. 

On the basis of the structural models of samples P and Q (Fig. 1a and 
3c), the anti-sited sample Q contains O-Li3Na2vac, O-Li2MnNa3, O- 
LiMn2Na2vac and O-Mn3Na2vac configurations, while the ribbon- 
ordering sample P only contains O-LiMn2Na2vac and O-Mn3Na2vac 
configurations (“vac” for vacancy on Na site and “Na, Li, Mn, and 2, 3" 
are the atoms that are coordinated with O and the corresponding co-
ordination numbers, “Na and vac” are omitted after here). Fig. 3d shows 
that the decrease of the average Bader charge of oxygen (O-ABC) is more 
significant in the O-Li3 and O-Li2Mn configurations upon sodium 
extraction. As a result, the oxygen in sample Q is prone to be oxidized. 
Therefore, it is clear that the oxygen configuration in the anti-sited 
structure enhances the oxygen oxidation, in accordance with the 
above DOS calculations. In addition, the formation energy of the oxygen 
vacancies in the O-Li2Mn remains positive when 0.4 Na+ ions are 
extracted from Na0.6Li0.2Mn0.8O2 (Fig. 3e). Thus, the oxygen in the O- 
Li2Mn configuration is both highly oxidation-active and stable upon 
oxygen oxidation. However, the oxygen vacancy formation energy be-
comes negative for the O-Li3, O-LiMn2, and O-Mn3 configurations when 
0.4 Na+ ions are extracted from Na0.6Li0.2Mn0.8O2, which may lead to 
the oxygen loss [13]. Fortunately, only 1/18 of the total oxygen is in the 
O-Li3 configuration with the lowest formation energy in sample Q 
(Fig. S20). One sixth of the oxygen atoms are in the O-Li2Mn configu-
ration, making it more difficult to form oxygen vacancy. However, 
further extraction of Na+ ions (0.5) from Na0.6Li0.2Mn0.8O2 results in the 
negative oxygen vacancy formation energy in the O-Li2Mn 
configuration. 

2.4. Elevated electrochemical performances 

The voltage curves of sample P and sample Q in the 1st, 11th and 21st 

cycles between 2.0 and 4.5 V at a current density of 20 mA g− 1 were 
compared in Fig. 4a, b. Sample Q exhibits a higher charge capacity than 
sample P (145.1 vs. 114.8 mAh g− 1), consistent with the improved 
charge compensations of the lattice oxygen and the presence of more 
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low-valence Mn ions in sample Q. No discernible O2 is detected by the 
operando DEMS up to 4.5 V (Fig. 4f), indicating the stability of lattice 
oxygen during the oxygen oxidation. The CO2 signal near the end of the 
initial charging process is attributed to the electrolyte decomposition at 
high potentials and/or its reaction with the activated oxygen. The CO2 
gassing rate in sample Q is ~0.3 × 10− 9 mol min− 1, lower than the re-
ported value in Na2/3[Zn2/9Mn7/9]O2 and Na2/3[Mg0.28Mn0.72]O2 [8, 
48]. On the contrary, O2 and CO2 were detected at ca. 4.3 V in the 
ribbon-ordered Na0.6Li0.2Mn0.8O2 during charging [10]. These agree 
well with the suppressed decline of the Mn-O coordination numbers 
(Fig. S12). When the cell is discharged to 2.0 V, sample Q gives a 
discharge capacity of 146.1 mAh g− 1 because its Mn and O ions 
participate in charge compensation. In contrast, sample P exhibits a 
capacity of 104.2 mAh g− 1. The difference is attributed to the involve-
ment of more Mn ions in charge compensation (reduction) in sample Q, 
which agrees with the sXAS results (Fig. S17). The good performance of 
sample Q maintains in the 21st cycle (159.6 vs. 107.6 mAh g− 1). The 
discharge capacity increases due to the gradual activation of Mn4+ to 
Mn3+ during cycling, which is related to some changes in ab plane at 
high potentials as previously reported in Na0.6Li0.2Mn0.8O2 [49]. 

Sample Q shows a much higher initial discharge capacity (186.3 
mAh g− 1) than sample P (151.2 mAh g− 1) as the discharge cutoff po-
tential is extended to 1.5 V (Fig. 4c and S21). Sample Q maintains its 
dominance in capacity within this wide potential window (1.5~4.5 V), 
with a capacity of 171.1 mAh g− 1 compared to 142.4 mAh g− 1 in the 21st 

cycle. These are attributed to the excellent structural stability of sample 
Q. The capacity retention of sample Q is 53.0% after 100 cycles at a 
current density of 100 mA g− 1 (Fig. 4d). 

Only Mn redox is expected to contribute to the charge compensation 
between 1.5 and 3.0 V (Fig. 4e). Hence, a large number of Mn3+ ions are 
generated and could bring structural distortions (such as the J-T effect) 
and thus induce the capacity decay [8]. The stabilized structure of 
sample Q guarantees an improved capacity retention after 200 cycles 
than sample P (80.74% vs. 72.14%). The inequivalent Mn sites of the 
anti-sited sample Q (supported by the calculated magnetic moment in 
Fig. S23) could contribute to the improved stability in the low potential 
window. 

The cyclic voltammetry (CV) of samples P and Q were recorded be-
tween 1.5 and 4.5 V to evaluate the redox mechanism (Fig. 4g, h). The 
Mn redox (the O1 and R1 peaks) and the ribbon-ordering induced lattice 
oxygen redox (the O2 and R2 peaks; at 4.38 V and 4.06 V) couples can be 
observed in sample P. The intensity of R2 peak significantly becomes 
weak in the 2nd cycle due to the stacking transformation from -α-β- to 
-α-γ- that hinders the accommodation of Na+ below 4.5 V [19]. 

The voltage gaps of O1-R1 and O2-R2 couples in sample Q are similar 
to those of their counterparts in sample P, but the intensities in sample Q 
are weaker. The decline in intensity is attributed to the appearance of 
other new Mn and O redox peaks as follows. Firstly, the small oxidation 
peak (at 2.85 V) in the first charge represents the oxidation of the low- 
valence Mn in the as-prepared sample Q (Fig. 3a). Secondly, with the 
diversification of the O configurations (O-LiMn2 and extra O-Li2Mn) in 
sample Q, the oxygen oxidation occurs in a broader potential range (the 
O2 and O4 peaks), in accordance with the above calculated O ABCs. The 
oxygen in the O-Li2Mn configuration (coordinated with 2 Li+ ions) tends 
to lose more electrons than in the O-LiMn2 configuration (coordinated 
with 1 Li+ ion), thereby lowering the oxygen oxidation potential [50]. 
That is, the O4 peak appears at a lower potential (at 3.88 V) in sample Q 
than the O2 peak in sample P (4.06 V) and the O2 peak in sample Q. 
Therefore, the O-Li2Mn configuration facilitates the oxygen oxidation in 
the anti-sited sample Q. 

The O1/R1 peaks and the O3/R3 peaks are related to the Mn redox 
arising from the multiple Mn sites, as observed in other reported ma-
terials [51]. Fig. S22 indicates that sample Q contains one extra Mn site 
(the adjacent atoms are Li3Mn3) compared to sample P. The abundant 
inequivalent Mn sites are supported with the DFT-calculated magnetic 
moments of Mn ions in ribbon-ordered and anti-sited samples at the 

sodiated states (Fig. S23). The anti-sited structure exhibits discrete 
magnetic moments, indicating the different electronic structures or 
valence states of Mn. Generation of low-spin Mn3+ with fewer unpaired 
electrons could contribute to the lower magnetic moment in the 
anti-sited sample. In contrast, the ribbon-ordered structure has uniform 
Mn sites, resulting in its uniform magnetic moments and single Mn redox 
couple. Therefore, there are more inequivalent Mn sites in the anti-sited 
sample and thus the Mn redox is supposed to be more diversified. In 
addition, the anti-sited structure elevates the Mn redox potentials (O3 at 
2.61 V and R3 at 2.34 V), thus addressing the issue of low-potential Mn 
redox (at ~2.0 V) [52]. 

It should be noted that, despite of the complicated redox reactions, 
the redox peaks of sample Q still persist in the CV profiles after 12 cycles 
(Fig. S24). The R3 peak for the Mn reduction at high potential keeps 
stable in position and in intensity. Surprisingly, the O4 and R4 peaks also 
maintain notable intensities. Such smooth and diversified redox 
behavior arises from the stabilized anti-sited structure that alleviates the 
phase transformation and other distortions. Therefore, the diversified 
and stabilized redox reactions of Mn and O are verified, which can be 
related to the above enhanced structures and improved charge 
compensations. 

3. Conclusion 

We propose Li/Mn anti-siting in the TM layer of P2-type 
Na0.6Li0.2Mn0.8O2 cathode material and verify such a structure in mul-
tiple dimensions and scales. The self-locking of the anti-siting energet-
ically inhibits the P2-O2 phase transformation and elongates the cycle 
life of the material. The introduction of anti-siting constructs inequiva-
lent Mn sites and extra oxygen configurations, leading to the diverse and 
reversible oxygen redox. This strategy breaks down the baffles such as 
low redox potential of Mn and irreversible phase transformation. On one 
hand, more Mn ions are activated to participate in the charge compen-
sation and the potential of the reversible Mn redox is elevated in the 
anti-sited material, beneficial for boosting the specific capacity and the 
energy density of the cathode material. On the other hand, the designed 
O-Li2Mn in the anti-sited structure lowers the oxygen oxidation poten-
tial, alleviating the electrolyte decomposition at high potentials. 
Consequently, the anti-sited modulation stabilizes the structure and 
enhances both the cationic and anionic redox. We provide a feasible 
strategy to simultaneously activate the reversible cationic/anionic redox 
and enhance the structural stability, and shed insights for overcoming 
some of the intrinsic obstacles towards high-energy-density batteries. 
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