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Comprehensively Strengthened Metal-Oxygen Bonds for 
Reversible Anionic Redox Reaction

Congcong Cai, Xinyuan Li, Ping Hu, Ting Zhu, Jiantao Li, Hao Fan, Ruohan Yu, 
Tianyi Zhang, Sungsik Lee, Liang Zhou,* and Liqiang Mai*

Introducing anionic redox in layered oxides is an effective approach to 
breaking the capacity limit of conventional cationic redox. However, the 
anionic redox reaction generally suffers from excessive oxidation of lat-
tice oxygen to O2 and O2 release, resulting in local structural deterioration 
and rapid capacity/voltage decay. Here, a Na0.71Li0.22Al0.05Mn0.73O2 (NLAM) 
cathode material is developed by introducing Al3+ into the transition metal 
(TM) sites. Thanks to the strong Al–O bonding strength and small Al3+ radius, 
the TMO2 skeleton and the holistic TM–O bonds in NLAM are comprehen-
sively strengthened, which inhibits the excessive lattice oxygen oxidation. 
The obtained NLAM exhibits a high reversible capacity of 194.4 mAh g-1 
at 20 mA g-1 and decent cyclability with 98.6% capacity retention over 
200 cycles at 200 mA g−1. In situ characterizations reveal that the NLAM 
experiences phase transitions with an intermediate OP4 phase during the 
charge–discharge. Theoretical calculations further confirm that the Al sub-
stitution strategy is beneficial for improving the overlap between Mn 3d and 
O 2p orbitals. This finding sheds light on the design of layered oxide cath-
odes with highly reversible anionic redox for sodium storage.
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However, the widespread application 
of SIBs is partially hampered by the 
scarce high-performance cathode mate-
rials.[5,6] Layered transition metal oxides 
(NaxTMO2, TM: transition metal) are of 
increasing interest for their high theoret-
ical capacities and facile 2D Na+ diffusion 
channels.[7–9] However, the energy densi-
ties of conventional cathode materials are 
determined by cationic redoxes, mainly 
TM redoxes, which are approaching the 
theoretical limits. Recently, the discovery 
of anionic redox chemistry, especially 
oxygen redox reaction, inspires new ideas 
to design high-performance NaxTMO2 
with high capacities beyond the limit 
of TM redoxes by triggering the charge 
transfer of oxygen anions.[10–12]

The oxygen redox reaction has been 
convincingly demonstrated in Li-rich or 
Li-excess compounds for lithium-ion bat-
teries. The weak overlap between O 2p 
and Li 2s orbitals of Li–O–Li configura-

tion leads to the formation of nonbonding O 2p states slightly 
below the Fermi level (Ef), which will stimulate the oxygen 
redox reaction.[13,14] A similar situation can be realized in SIBs 
by constructing Na–O–X configurations, where X can be the 
alkali metal (Li+, Na+),[15–17] alkaline earth metal (Mg2+),[18,19] TM 
with a full d-shell (Zn2+),[20,21] and even vacancy.[22,23] To achieve 
high anionic capacity in SIBs, partial substitution of Li+ into 
TM layers has received considerable attention.[24,25] As a typical 
example, Rong et al. designed a P2-type Na0.72[Li0.24Mn0.76]O2 
material with a considerable discharge capacity of 270 mAh g−1 
and an energy density of ≈700 Wh kg−1.[26] Although developing 
cathode materials with anionic redox reactions represents an 
effective approach to boosting the capacity, the reversibility 
of oxygen redox remains a great challenge. Excessive lattice 
oxygen oxidation can result in irreversible oxygen release. In 
addition, the lattice oxygen loss will adversely affect the TM 
redox processes and deteriorate the microstructure.[27–30] As 
a result, cathode materials with  oxygen  redox  activity  gener-
ally  suffer from oxygen loss and severe capacity/voltage decay 
over cycling. Enhancing the TM–O bonding strength is the key 
to overcoming the excessive oxygen oxidation and undesirable 
irreversibility of anionic redox reaction. As demonstrated previ-
ously, introducing high-electronegativity Me elements (Me = Cu, 
Ti, Zr, Sn…) into TM layers to construct strong Me–O bonds is 
a conventional way to suppress excessive oxygen oxidation.[31–35] 

Research Article
﻿

1. Introduction

Sodium-ion batteries (SIBs) are recognized as an effective way to 
alleviate the resource anxiety of Li-based energy storage devices 
due to the low-cost and widely distributed Na resource.[1–4] 
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Although the strong Me–O bonds have an inhibitory effect on 
local excessive oxygen oxidation, the large radius of Me may 
weaken the holistic TM–O bonding strength. In this regard, 
searching for a new optimization strategy to comprehensively 
strengthen the integral TM–O bonding strength is urgently 
desirable.

In this work, we developed a Na0.71Li0.22Al0.05Mn0.73O2 
(NLAM) cathode material. Thanks to the substitution of Mn3+ 
(0.645 Å) sites with small-radius Al3+ (0.535 Å) and strong 
Al–O bonding strength, the TM–O bonds in NLAM have 
been comprehensively strengthened, and thus the exces-
sive lattice oxygen oxidation is effectively inhibited. The 
obtained NLAM demonstrates a high reversible capacity of  
194.4 mAh g−1 at 20  mA g−1 within 2.0–4.5  V and a competi-
tive energy density of 534.8 Wh kg−1. What’s more, the NLAM 
manifests decent cyclability with 98.6% capacity retention over 
200 cycles at 200 mA g−1. The structural evolution during sodia-
tion/de-sodiation processes is explored by in situ X-ray  dif-
fraction  (XRD)  andRaman. In situ differential  electrochem-
ical  mass  spectrometry  (DEMS) and theoretical calculations 
further confirm the effectively inhibited O2 generation and 
improved structural stability in NLAM. This contribution dem-
onstrates an effective approach to boosting the anionic redox 
activity of layered oxides by comprehensively strengthening 
TM–O bonds, which sheds light on constructing stable high-
energy-density layered oxides with anionic redox for SIBs.

2. Results and Discussion

Enhancing TM–O bonding strength is an effective approach 
to preventing excessive oxygen oxidation, which is generally 
dependent on the foreign Metal–O covalency and the ionic 
radius. To well illustrate the advantages of Al3+ substitution, 
the M–O bonding energy and ionic radius of the candidate ele-
ments are shown in Figure S1 (Supporting Information). The 
Al3+ exhibits a high Al–O bonding energy and an impressively 
small ionic radius among the candidate elements. The former 
indicates that the Al3+ will form strong chemical bonds with 
the O2− and the latter is beneficial for reducing the TMO2 layer 
thickness and enhancing the integral TM–O bonding strength.

The Na0.71Li0.22AlxMn0.78-xO2 (x  = 0, 0.05, 0.1) samples are 
prepared by a facile solid-state reaction. The structural infor-
mation of the obtained samples is characterized by XRD. Riet-
veld refinement patterns of NLM and NLAM are shown in 
Figure 1a,b. Both the NLM and NLAM can be well indexed to 
the hexagonal P2 phase with a space group of P63/mmc. An 
additional peak at 20.9° can be observed for NLM, implying 
the honeycomb-ordering superlattice of Li and Mn ions in the 
TMO2 layer.[36] However, this peak disappears in the NLAM, sug-
gesting that the successful introduction of Al3+ into TM layers 
disrupts the Li/Mn ordering arrangement. Figure 1c compares 
the lattice parameters of NLM and NLAM, which are obtained 
from the Rietveld refinement results (Tables S1 and S2, Sup-
porting Information). Thanks to the smaller ionic radius of Al3+ 
than Mn3+ and stronger Al–O bonding strength than Mn–O, 
the NLAM exhibits decreased TM layer thickness (d(O-TM-O)) and 
increased Na layer thickness (d(O-Na-O)) than the NLM, implying 
the strengthened TMO2 skeleton and broadened Na+ diffusion 

paths. The average TM–O bond length (d(TM–O)) of NLAM is cal-
culated to be 1.940 Å, which is obviously shorter than that of 
NLM (1.960 Å). According to previous understandings,[31] the 
strengthened TM–O bond would effectively prevent excessive 
oxygen oxidation and facilitate the reversible anionic redox reac-
tion. When the Al content increases to 10%, impurities can be 
observed (Figure S2, Supporting Information).

The morphological features of NLM and NLAM are investi-
gated by scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). The NLAM is mainly composed of 
thick flake-like particles, while the NLM exhibits an ellipsoidal 
shape (Figure S3, Supporting Information). Both samples have 
an overall particle size of ≈2  µm. Both the NLAM and NLM 
show solid micron-sized crystals in TEM images (Figure  1d; 
Figure S4, Supporting Information). Selected-area electron 
diffraction (SAED) patterns of NLM and NLAM show hexago-
nally arranged diffraction spots with six-fold symmetry, corre-
sponding to the [001] zone axis of hexagonal lattice (Figure S5, 
Supporting Information). Sub-spots can be noticed in the SAED 
pattern of NLM, which further confirms the existence of 
superlattice structure, agreeing well with the XRD results. 
High-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) is employed to further study the 
atomic structure of NLAM. The high-resolution HAADF-STEM 
images (Figure 1e,f) further confirm the P2 structure of NLAM, 
and the measured distance between adjacent layers is ≈5.5 Å. 
The energy-dispersive spectroscopy (EDS) elemental mapping 
in Figure 1g demonstrates that all the elements are evenly dis-
tributed in NLAM.

X-ray photoelectron spectroscopy (XPS) provides information 
on the elemental valence states (Figure S6, Supporting Infor-
mation). For NLM, the Mn 2p3/2 and Mn 2p1/2 components are 
located at ≈642 and 654 eV, respectively. With the introduction 
of Al3+, the Mn  2p XPS peaks of NLAM shift toward higher 
binding energy. The substitution of Mn3+ with Al3+ is beneficial 
for alleviating the Jahn-Teller distortion of Mn3+, as it reduces 
the Mn3+ amount.

The electrochemical performances of NLAM and NLM were 
investigated in half cells with Na metals as the anodes. Cyclic 
voltammetry (CV) profiles of NLAM and NLM are displayed in 
Figure 2a and Figure S7 (Supporting Information). For NLAM, 
a sharp anionic peak above 3.8  V is observed, corresponding 
to the continuous anionic oxidation process and the surface 
passivation of cathode particles during charging. The peaks 
below 2.5 V are ascribed to the Mn3+/Mn4+ redox and the peaks 
at ≈2.7  V are associated with the Mn3+/Mn4+ redox-induced 
structural ordering transitions during sodiation/de-sodiation. 
The well-overlapped CV curves beside the first cycle confirm 
the highly reversible anionic and cationic redox processes. In 
comparison, the peak related to anionic redox of NLM is above 
4.0  V, and this peak suffers from rapid decay during cycling 
(Figure S7, Supporting Information). The irreversibility may be 
associated with the lattice oxygen loss and O2 release.

Representative charge/discharge profiles of NLAM and NLM 
are displayed in Figure 2b,c. For both NLAM and NLM, the ini-
tial charge capacities are mainly contributed from the long slope 
region above 4.0 V, which corresponds to the anionic redox pro-
cess.[26] Upon subsequent discharging, the NLAM delivers a high 
capacity of 194.4 mAh g−1 at 20 mA g−1 and a high energy density 
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of 534.8 Wh kg−1. During the following cycles, the NLAM exhibits 
a highly reversible sodium storage process with ideal capacity 
retention. Compared to the NLAM, the NLM exhibits a com-
parable initial discharge capacity (194.3 mAh g−1) at 20 mA g−1.  
However, the slope region from anionic redox shows a sharp 
decrease during subsequent charges, suggesting poor revers-
ibility. In addition, the discharge capacity and voltage of NLM 
also exhibit rapid decay upon cycling. After 20 cycles, the revers-
ible capacity of NLM is only 148.2 mAh g−1, significantly lower 

than that of NLAM (193.8 mAh g−1). To further compare the 
reversibility of anionic redox reaction, the charge capacities 
above 4.0 V at different cycles are displayed in Figure S8 (Sup-
porting Information), and the NLAM demonstrates obviously 
enhanced anionic redox capacity retention.

The cycling performances of NLAM and NLM at 50 mA g−1 
are compared in Figure 2d. After 100 cycles, the NLAM mani-
fests a superior capacity retention of 98.7% with only 0.013% 
capacity decay per cycle. In sharp contrast, the NLM exhibits a 

Adv. Funct. Mater. 2023, 2215155

Figure 1.  XRD Rietveld refinement of a) NLM and b) NLAM; (c) schematic illustration of the lattice parameter changes upon Al substitution; d) TEM, 
e,f) high-resolution HAADF-STEM images, and g) EDS-mappings of NLAM.
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capacity retention of 83% with 0.17% capacity decay per cycle. 
At 200 mA g−1, the NLAM demonstrates a high capacity reten-
tion of 98.6% over 200 cycles (Figure 2e), which exceeds most 
anionic redox-based cathode materials (Table S3, Supporting 
Information). The rate performances for NLAM and NLM are 
presented in Figure S9 (Supporting Information). In general, 
the NLAM and NLM exhibit similar capacities at different cur-
rent densities.

To explore the specific influence of Al3+ substitution on 
structural evolution during sodiation/de-sodiation, in situ XRD 
measurements are employed (Figure  3a,b;  Figure  S10,  Sup-
porting  Information). For NLM, the (002) and (004) diffrac-
tions gradually shift to lower angles during the initial charge 
process, corresponding to the expansion of lattice parameter 
c. The enlarged interlayer spacing is caused by the increased 
electrostatic repulsion with the extraction of Na+. Meanwhile, 

Adv. Funct. Mater. 2023, 2215155

Figure 3.  In situ XRD patterns of a) NLM and b) NLAM during the first two cycles.

Figure 2.  a) The first four CV curves of NLAM collected at 0.1 mV s−1 within the potential range of 2.0–4.5 V versus Na+/Na; representative charge/discharge 
profiles of b) NLM and c) NLAM at 20 mA g−1; d) cycling performances of NLM and NLAM at 50 mA g−1; e) cycling performance of NLAM at 200 mA g−1.
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the (100) peak shifts toward a higher angle, which is caused by 
the shrinkage of lattice parameters a. Notably, when charged to 
over 4.3 V, the (002)P2 peak of NLM obviously weakens, which 
can be ascribed to the formation of O2-type stacking faults at 
the deep de-sodiation state.[24,37] During discharging, these 
peaks shift back. The same changes can be observed in the 
second cycle. The NLAM displays a phase transition behavior 
different from that of NLM. During the initial charge, the 
(002) and (004) diffractions shift to lower angles, similar to 
those of NLM. Meanwhile, the (100) and (102) diffractions 
shift toward higher angles, suggesting a solid solution reac-
tion. When charged to over 4.3  V, the (002) and (004) diffrac-
tions become broad and shift toward higher angles with a P2 to  
OP4 phase transition. Upon further de-sodiation, the (002)P2 
peak disappears and transforms into a new (004)OP4 diffraction 
at the end of first charge. The OP4 phase transforms back to 
the P2 phase during the following discharge process. The same 
changes also occur in the second cycle, demonstrating the 
ideal reversibility of NLAM. Through the above analysis, it is 

concluded that the P2 phase and O2 stacking faults co-exist at 
the deep de-sodiation state of NLM. In comparison, the revers-
ible structural evolution of NLAM is enabled by the presence of  
a stable OP4 phase, which is considered as an intermediate 
phase for the evolution from P2 to O2 phase. The appearance 
of this intermediate phase improves the structural integrity by 
bypassing the sudden transformation from P2 to O2 phase.[24,37]

In situ Raman is further employed to clarify the micro-
structural evolution of NLAM during de-sodiation/sodiation 
(Figure 4a). The NLAM exhibits three major Raman bands. The 
peak at ≈646.9 cm−1 is assigned to the symmetric stretching 
vibration (A1g) of TM–O bond of layered oxides.[38,39] The bands 
at ≈600 and ≈498.3 cm−1 are assigned to the E2g modes involving 
both Na and O vibrations, which are associated with the atomic 
displacements along the c axis and parallel to a–b plane, respec-
tively.[40,41] During the initial charge, the E2g band at ≈600 cm−1 
presents a redshift to ≈575 cm−1 with decreased intensity, which 
is caused by the Na+ extraction-induced interlayer expansion. 
The band at ≈498.3 cm−1 shifts to higher wavenumbers, which 

Adv. Funct. Mater. 2023, 2215155

Figure 4.  a) In situ Raman spectra and the spectra during the first cycle; b) ex situ O 1s XPS spectra; ex situ Mn K-edge c) XANES and d) EXAFS spectra; 
e) in situ DEMS test of NLAM; f) schematic illustration for the optimized anionic redox reaction mechanism of NLAM.
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is associated with the shrinkage along the a- and b- axes. Simul-
taneously, the A1g band narrows, suggesting the distortion of 
MnO6 octahedra due to an anionic redox reaction. The E2g 
band at ≈575 cm−1 disappears at the fully charged state. Such a 
change in structure and symmetry is caused by the transforma-
tion from P2 to OP4 phase.[38] During discharging, the E2g band 
reappears and returns to the pristine position accompanied by 
the broadening of A1g band, indicating the good reversibility 
of NLAM. Such changes are also observed in the subsequent 
cycles. Besides, a peak at ≈850 cm−1 from the peroxo-related 
O–O stretching appears during the first charge and experi-
ences periodical broadening/narrowing during cycling, which 
is related to the reversible oxygen redox reactions.[42,43]

The galvanostatic intermittent titration technique (GITT) 
test at the second cycle is employed to compare the Na+ diffu-
sion coefficients ( +NaD ) of NLM and NLAM  (Figure  S12, Sup-
porting  Information). At the beginning of the second charge, 
the NLAM possesses a slightly higher +NaD  than the NLM due 
to its larger Na layer thickness. With further charging to higher 
potentials, the +NaD  of NLAM decreases dramatically due to the 
P2–OP4 phase transition. Considering the +NaD , it is reasonable 
that the NLAM just shows a slight improvement in rate perfor-
mance when compared to NLM.

To obtain more insight into the anionic redox behavior, ex 
situ XPS is performed to characterize the electronic structure of 
oxygen at different sodiation/de-sodiation states, and the O 1s XPS 
spectra of the NLAM are displayed in Figure 4b. The pristine O 1s 
spectrum can be deconvoluted into three components. The com-
ponents at 531.7 and 532.6 eV are assigned to the surface oxygen-
related species and the component at 529.3 eV corresponds to the 
lattice oxygen. After being charged to 4.5 V, an extra component 
at 530.5  eV appears, which is associated with the intermediate 
peroxo-like (O2)n− species from oxygen oxidation.[21] The appear-
ance of (O2)n− confirms the occurrence of anionic redox reactions.

To further clarify the electronic structure and local envi-
ronment of NLAM, ex situ X-ray absorption near-edge spec-
troscopy (XANES) measurements are performed. The Mn K-
edge XANES spectra of the pristine state, fully charged state 
(C4.5 V), and discharged state (D2 V) are displayed in Figure 4c. 
After initial charging to 4.5 V, the Mn K-edge XANES spectrum 
does not show an obvious shift, demonstrating that the tetrava-
lent Mn can’t be further oxidized and the charge compensation 
during charging is mainly realized by oxygen oxidation. Upon 
discharging to 2.0  V, the enlarged Mn K-edge XANES peak 
shows a slight shift to lower energy, indicating the reduction 
of Mn to a lower valence state. Figure 4d presents the extended 
X-ray absorption fine structure (EXAFS) spectra to show the 
local coordination environment of Mn. The Fourier transfor-
mation of EXAFS in Figure  4d features two dominant peaks 
associated with the Mn–O bond and Mn–Me (mainly Mn, Al, 
Li) interaction. The Mn–O distance shows insignificant change 
during charging, indicating the robust Mn–O bonds. After dis-
charge to 2.0  V, the Mn–O distance decreases slightly, which 
may be caused by the decrease of ordering degree due to the 
formation of Mn3+.[34] And the Mn–Me interaction shows negli-
gible change during charge–discharge.

Excessive lattice oxygen oxidation in Li-doped NaxTMO2 is a 
common phenomenon, which causes O2 release easily.[33,44–46] 
To confirm the effective suppression of excessive O2− oxidation 

in NLAM, in situ DEMS is conducted to monitor the gas pro-
duction during charge/discharge. Upon charging, the evolu-
tion of CO2 can be clearly detected and its amount reaches the 
maximum at the end of charge (Figure 4e), which is associated 
with the decomposition of Na2CO3 in cathode electrolyte inter-
face and oxidation of electrolyte at high voltage.[18] No obvious 
O2 evolution has been detected during the entire charge/dis-
charge processes, even when fully charged to 4.5 V, indicating 
the excessive O2− oxidation has been effectively suppressed. The 
DEMS results further demonstrate the highly reversible anionic 
redox process in NLAM.

Based on the above discussions, the optimized anionic redox 
reaction mechanism of NLAM has been proposed (Figure 4f). 
For NLAM, the introduced Al3+ ions preferentially replace the 
Mn3+ sites in the TM layer of NLM due to the same valence 
state. Thanks to the smaller ionic radius of Al3+ compared to 
that of Mn3+ and the strong Al–O bond, the total TM–O bonds 
in NLAM have been significantly strengthened than those 
in NLM. Due to the weak bonding of the Na–O–Li configura-
tion, the oxygen redox activity is triggered during the charging 
process. For NLM, the weak Mn–O bonds are easily broken as 
the charging process proceeds, resulting in the excessive oxida-
tion of O2− to O2 gas and O2 release. The irreversible anionic 
redox deteriorates the structure stability. In contrast, the strong 
Al–O bonds and strengthened Mn–O bonds in NLAM can fix 
the active oxygen anions in the forms of highly covalent Al–
(O–O) and Mn–(O–O) bonds, which prevents the O2 gas release 
and facilitates the reversibility of O2−/(O2) n− redox. Benefiting 
from the highly reversible anionic redox reaction, the NLAM 
exhibits a high specific capacity with stable cycling stability.

To confirm the effects of Al3+ substitution on structure and 
oxygen redox stability, density functional theory (DFT) calcula-
tions are conducted. The optimized models of Na13Li4Mn14O36 
(NLM) and Na13Li4Mn13AlO36 (NLAM) are used for simplifi-
cation (Figure S13, Supporting Information). The density of 
states (DOS) calculations of NLM and NLAM are displayed 
in Figure 5a,b. A large proportion of isolated O 2p orbital lies 
slightly below the Ef in both NLM and NLAM, suggesting their 
oxygen redox activity. The active oxygen state derived from the 
Na–O–Li configuration will contribute to the charge compensa-
tion during electrochemical reaction. In contrast to NLM, the 
O 2p orbital of NLAM exhibits an elevated energy level toward 
Ef, indicating that the oxygen redox reactions of NLAM can be 
triggered at a lower voltage. In addition, the Mn 3d band of 
NLAM will form bonds in a wider range (Figure 5c), which can 
improve the involvement of transition metal and oxygen, in 
favor of reducing the possibility of O2 release. As schematically 
illustrated in Figure  5d, the NLAM exhibits an elevated O 2p 
band and an increased overlap between the Mn 3d and O 2p 
bands than NLM, which is responsible for the higher oxygen 
redox activity and enhanced structural integrity (Figure 5d).

To visualize more clearly the TM–O covalency, the crystal 
orbital Hamilton populations (COHP) analysis is employed to 
provide chemical bonding information (Figure 5e,f). The bond 
strength denoted by integrated COHP (ICOHP) displays that 
the NLAM exhibits increased average Mn–O bond strength 
compared to NLM and strong Al–O bond, indicating the com-
prehensively strengthened metal-oxygen bonds. The COHP 
results agree well with the DOS and experimental results.

Adv. Funct. Mater. 2023, 2215155

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202215155 by W
U

H
A

N
 U

N
IV

E
R

SIT
Y

 O
F T

E
C

H
N

O
L

O
G

Y
, W

iley O
nline L

ibrary on [13/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.afm-journal.dewww.advancedsciencenews.com

2215155  (7 of 8) © 2023 Wiley-VCH GmbHAdv. Funct. Mater. 2023, 2215155

3. Conclusion

In summary, we developed an effective strategy to comprehen-
sively enhance the total TM–O bonding strength by Al sub-
stitution. Benefited from the strong Al–O bonding strength 
and small Al3+ radius, the obtained Na0.71Li0.22Al0.05Mn0.73O2 
(NLAM) exhibits decreased TM layer thickness (d(O-TM-O)) and 
increased Na layer thickness (d(O-Na-O)) compared to NLM, 
leading to a strengthened TMO2 skeleton and broadened 
Na+ diffusion path. The average TM–O bond length (d(TM-O)) 
of NLAM is obviously shorter than that of NLM, suggesting 
the comprehensively strengthened TM–O bonds of the 
former. The obtained NLAM demonstrates a high capacity of  
194.4 mAh g−1 at 20  mA g−1 and a competitive energy den-
sity of 534.8 Wh kg−1. What’s more, the NLAM demonstrates 
a decent cyclability with 98.6% capacity retention over 200 
cycles at 200  mA g−1, demonstrating the highly reversible 
anionic redox reaction. The structural evolution during sodia-
tion/de-sodiation is explored by in situ XRD/Raman, and 
ex situ XANES. In situ DEMS and DFT calculations further 
confirm the effectively inhibited O2 generation and improved 
structural stability of NLAM. This study develops an effective 
approach to improving the anionic redox reversibility through 
comprehensively strengthening the TM–O bonds, which will 

shed light on constructing stable high-energy layered oxide 
cathode materials for SIBs.
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