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A B S T R A C T   

The capacity of the layered oxide cathode in a sodium ion battery can be increased by harnessing anionic redox. 
However, the extra capacity induced by anionic redox comes at the expense of reversibility due to the irreversible 
oxidation and subsequent loss of oxygen. Here, we report a universal strategy of improving the reversibility of 
oxygen redox in sodium layered oxides by regulating the superstructural motifs. The intrinsic chemical properties 
of superstructural motifs can be directionally altered by modulating the interionic interactions, and the rational 
integration of selected superstructural motifs can result in advanced materials with target performance. As a 
demonstration, a novel cathode comprising both Mg@Mn6 and Li@Mn6 superstructural motifs is designed and 
synthesized with inherently inhibited oxygen loss and significantly improved cyclic reversibility. Detailed 
characterizations on the atomic-level structure and chemistry of materials revealed that the pinning effect of the 
Mg@Mn6 superstructural motif is critical to maintain a stable layered structure. The findings from this work open 
up new routes for the design and development of next-generation high energy cathodes with target performance.   

1. Introduction 

The ever-increasing demand for universal energy availability at 
lower costs and better sustainability has driven the quest for new battery 
chemistries. Sodium ion battery (SIB) is a promising candidate for the 
next-generation energy storage and an alternative to lithium ion battery 
(LIB) due to the high abundance, easy availability, and low cost of so
dium [1,2]. However, the energy density of current SIB (below 120 Wh 
kg− 1) is still much lower than that of the commercially mature LIB 
(approaching 300 Wh kg− 1) [3–5]. The low energy density of SIBs is 
mostly limited by the low capacity of the cathode. For conventional 
intercalation-type cathodes in SIBs, the upper limit of the capacity is 
dictated by the redox of the metal cations induced by the insertion/ex
traction of the Na+ ions. To gain extra capacity, a new strategy by 
harnessing the redox of the anions in the cathode has proven to be 
effective in recent years [6]. The first work on enabling anionic redox in 
SIB cathodes was reported in 2014 by Komaba’s group, using a similar 
strategy previously applied to Li-rich layered oxides in LIBs. The new 

cathode material was produced by introducing Li+ into the transition 
metal (TM) layer in Na-layered oxides (NaxTMO2, x ≤ 1) and the 
resulted P2-type Na5/6Li1/4Mn3/4O2 exhibited superior capacity over the 
traditional layered oxides which solely relied on the redox of TM cations 
[7]. This pioneering work inspired the discovery of a family of analogue 
materials, e. g., P3-Na0.6Li0.2Mn0.8O2 [8], P2-Na0.72Li0.24Mn0.76O2 [9], 
P2-Na5/6Li5/18Mn13/18O2 [10], and O3-NaLi1/3Mn2/3O2 [11]. In this 
class of materials, the coordination environment of the O2- anions in the 
TM layer is altered by the introduction of the Li+. Some of the O2- anions 
are coordinated in a way that each O2- is coordinated with one Li+ and 
two TM cations. Since the interaction between O2- and Li+ is weaker 
than that between O2- and an TM cation, the O2- anions coordinated with 
both Li and TM cations can lose electrons more easily than the O2- anions 
coordinated with only TM cations. As a result, the O2- anions with Li 
coordination will be able to undergo oxidation and supply additional 
capacity at a high voltage during charging [12]. The anionic redox of 
oxygen has greatly promoted the sodium storage capacity of layered 
oxides. For instance, P2-Na0.72Li0.24Mn0.76O2 delivered hitherto the 

* Corresponding authors. 
E-mail addresses: chenhb@szpt.edu.cn (H. Chen), panfeng@pkusz.edu.cn (F. Pan).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Nano Energy 

journal homepage: www.elsevier.com/locate/nanoen 

https://doi.org/10.1016/j.nanoen.2021.106252 
Received 15 March 2021; Received in revised form 1 June 2021; Accepted 13 June 2021   

mailto:chenhb@szpt.edu.cn
mailto:panfeng@pkusz.edu.cn
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2021.106252
https://doi.org/10.1016/j.nanoen.2021.106252
https://doi.org/10.1016/j.nanoen.2021.106252
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2021.106252&domain=pdf


Nano Energy 88 (2021) 106252

2

highest capacity (270 mAh g− 1) and the highest energy density (700 Wh 
kg− 1) in Na-layered oxides. Similar strategies by introducing Mg2+ [13, 
14], Zn2+ [15,16], and TM-vacancies [17–19] into the TM layer fol
lowed the same principle in terms of chemistry, and have been proved to 
be effective as well. 

Although anionic redox can significantly improve the capacity of Na- 
layered oxides, the cycling stability of the cathode remains an major 
issue to resolve [9]. First, the oxidized O species in the cathode are 
thermodynamically unstable, and they can either react with the elec
trolyte components or form fugitive O2. The loss of oxygen from the 
cathode is detrimental to the structural integrity and should be avoided 
by all means [20–22]. Second, Li+ in the TM layer is not strongly 
restrained by O2-, and can migrate to the alkali metal (AM) layer upon 
deep charge, leaving abundant vacancies in the TM layer [7,23,24]. 
Recent studies revealed that these vacancies tend to cluster in order to 
reach a thermodynamically stable state, accompanied by massive 
in-plane TM migrations [25,26]. The lattice O ions previously coordi
nated with at least two TM cations become uncoordinated due to the 
aggregation of vacancies, and thus form O2 molecules in the trap. 
Trapped O2 molecules could be released upon cycling and leave abun
dant O-vacancies in the bulk, triggering further TM migration and 
subsequent structural collapse. Therefore, stabilizing O in the structure 
is the key to maintain the structural integrity, and should be an effective 
solution to improve the cycling performance of anionic redox involved 
Na-layered oxides. Previous researches revealed that Mg ions are 
effective in adjusting the redox behavior of lattice O and are beneficial 
for stabilizing the structure of layered oxide cathodes [27–29]. Recently, 
House et al. [26] reported a method by tuning the superstructure for this 
purpose. By replacing the honeycomb superstructure with a ribbon su
perstructure, the aggregation of vacancies was retarded and the 
reversibility of the cathode was greatly improved. However, the ca
pacity of their more stable cathode with a ribbon-ordered superstructure 
was only 115 mAh g− 1. 

In this work, we aim to demonstrate a novel strategy that by regu
lating the superstructural motifs (SMs) in Na-layered oxides, O in the 
structure can be stabilized and O loss can be inherently inhibited. 
Meanwhile, the high capacity of anionic redox cathodes can be retained 
with improved reversibility. To demonstrate this concept, we start from 
considering the intrinsic chemical properties of SMs, which can be 
directionally altered by modulating the ionic interactions within SMs. 
The rational integration of suitable SMs can result in advanced materials 
with target performance. As a result, two selected SMs (Li@Mn6 and 
Mg@Mn6) with diverse O redox activity and ion mobilities are inte
grated to yield NLMMOs (Na0.73Li0.23− xMgxMn0.77O2, x = 0.06 or 0.12) 
as a model system. Meanwhile, NLMO (Na0.73Li0.23Mn0.77O2) containing 
only the Li@Mn6 SM is also designed as the control group. In NLMMOs, 
the Mg@Mn6 SMs are chemically more stable than the Li@Mn6 SMs and 
they serve as pins in the TM layer to suppress the in-plane TM migration 
and the consequent aggregation of vacancies. We demonstrated that in 
NLMMOs with regulated superstructures, the irreversible O loss was 
inhibited and the cycling stability of the cathode was promoted. 
Through detailed characterizations, a complete logical chain from the 
atomic-level understanding of SMs to the macroscopical electrochemical 
performance was created to verify the feasibility of the SM regulating 
strategy. We propose a concept that superstructure can be modulated by 
employing various SMs to improve the reversibility of anionic redox 
cathodes. Our exploration of the structural chemistry in anionic redox 
cathodes can bring new opportunities for developing better materials as 
stable and high capacity cathodes for future batteries. 

2. Results and discussions 

2.1. Structures of NLMO and NLMMOs 

To verify the concept, three P2-type layered oxides, 
Na0.73Li0.23Mn0.77O2 (denoted as NLMO), Na0.73Li0.17Mg0.06Mn0.77O2 

(denoted as NLMMO-1/4), and Na0.73Li0.11Mg0.12Mn0.77O2 (denoted as 
NLMMO-1/2), were designed. The ideal in-plane structures of NLMO, 
NLMMO-1/4, and NLMMO-1/2 are schematically illustrated in Fig. 1a, 
b, and c, respectively. The Mn ions in the TM layer of NLMO are ar
ranged in a honeycomb pattern with Li+ ions at the centers of all 
hexagons, constituting Li@Mn6 SMs. When the Mg@Mn6 SMs are 
incorporated into the structure, the honeycomb ordering of Mn ions 
remains with some of the Li+ ions at the centers of the hexagons replaced 
by Mg2+ ions, with the total number of SMs being unchanged. Specif
ically, in the case of NLMMO-1/4, a quarter of Li@Mn6 SMs are replaced 
by Mg@Mn6 SMs while in the case of NLMMO-1/2, a half of Li@Mn6 
SMs are replaced by Mg@Mn6. In these three ideal structures, the stoi
chiometric contents of Na and Mn are the same, but the relative contents 
of Li and Mg are varied. 

Experimentally, NLMO, NLMMO-1/4, and NLMMO-1/2 were syn
thesized using a sol-gel method. Detailed procedure of the synthesis is 
described in the supplementary information. The actual chemical com
positions were determined by inductively coupled plasma-atomic 
emission spectrometry (ICP-AES), and they comply well with the 
design (Table S1). Scanning electron microscopy (SEM) revealed that 
the as-synthesized NLMO and NLMMOs samples consisted of 
micrometer-sized particles, and the NLMO particles were rod-like while 
the NLMMO particles were plate-like (Fig. S1). Energy-dispersive spec
troscopy (EDS) mapping verified that all elements were uniformly 
distributed throughout the particles in all three materials (Fig. S1). 
Powder X-ray diffraction (XRD) was conducted to examine the structural 
consistency of the as-prepared materials. As shown in Fig. 1d, all three 
materials exhibit the characteristic diffraction patterns of the P2-phase 
(the structure in Fig. 1g). The shift of the (002) peak towards a lower 
angle with the increase of Mg content indicates that the incorporation of 
Mg@Mn6 SM induced a gradual solid-solution process instead of an 
abrupt phase-transition (Fig. 1e). Rietveld refinements further 
confirmed the formation of solid solutions in NLMMOs since the refined 
patterns of the three materials were quite consistent (Fig. 1, h-j). More 
detailed refinement results show a clear increase in the lattice parame
ters with the increase of Mg content (Tables S2-S4). The structural 
consistency between the materials can also be confirmed by the super
lattice peaks, which originated from the honeycomb ordering of Mn ions 
in the TM layer (Fig. 1f) [7]. The characterization results demonstrate 
that NLMO, NLMMO-1/4, and NLMMO-1/2 were successfully synthe
sized as designed, with designated chemical compositions and similar 
crystal structures, laying the groundwork for further investigation on the 
effect of O loss on the electrochemical behavior of this model system. 

2.2. Electrochemical performance of NLMO and NLMMOs 

The introduction of Mg@Mn6 SMs into NLMO was found to result in 
significant alteration in the electrochemical performance. As shown in  
Fig. 2a, the voltage profiles of all three materials exhibit a typical 
plateau corresponding to major O oxidation and minor Mn oxidation 
during the first charge. The initial charge capacities at a current density 
of 10 mA g− 1 and a cutoff voltage of 4.5 V were 223 mAh g− 1, 
191 mAh g− 1, and 169 mAh g− 1 for NLMO, NLMMO-1/4, and NLMMO- 
1/2, respectively. Based on the X-ray photoelectron spectroscopy (XPS) 
result (Fig. S2), the oxidation number of Mn in NLMMO-1/2 increased 
from + 3.79 to + 4 at 4.5 V, indicating that Mn oxidation happened 
during the initial charge in this series of materials. Therefore, the ca
pacity contributions from Mn oxidation were estimated to be 
12 mAh g− 1 (0.04 e-), 29 mAh g− 1 (0.10 e-), and 45 mAh g− 1 (0.16 e-), 
while those from O oxidation were estimated to be 211 mAh g− 1, 
162 mAh g− 1, and 124 mAh g− 1 for NLMO, NLMMO-1/4, and NLMMO- 
1/2, respectively. The decreased charge capacities in NLMMOs can be 
attributed to the lower O redox activity in the Mg@Mn6 SMs, which 
stems from the lower electron density of O2- in the Na-O-Mg configu
ration due to the stronger Mg2+-O2- interaction. The initial discharge 
capacities at the cutoff voltage of 2.0 V for NLMO, NLMMO-1/4, and 
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NLMMO-1/2 were 203 mAh g− 1, 179 mAh g− 1, and 176 mAh g− 1, cor
responding to coulombic efficiencies of 91%, 94%, and 104%, respec
tively. The low coulombic efficiency for O redox involved cathodes 
during the first charge is mainly ascribed to the irreversible O loss 
[30–32]. For now, the relatively higher initial coulombic efficiencies in 
NLMMOs can be tentatively attributed to less O loss, likely owing to the 
incorporation of Mg@Mn6 SMs. Further discharging the cell to 1.5 V 
resulted in higher capacities of 262 mAh g− 1, 235 mAh g− 1, and 
220 mAh g− 1 for NLMO, NLMMO-1/4, and NLMMO-1/2, respectively. It 
is notable that even 220 mAh g− 1 is a high capacity for Na-layered 
oxides. 

The incorporation of Mg@Mn6 SMs also led to the elevated voltage 
plateau of O oxidation (Fig. 2a), indicating an altered O oxidation 
behavior. To quantificationally investigate the effect of Mg@Mn6 SMs 
on the O oxidation behavior, density functional theory (DFT) calcula
tions are employed for the O 2p density of states (DOS) in both NLMO 
and NLMMO-1/2. As shown in Fig. S3, the O 2p band is lowered by 
1.37 eV after the incorporation of Mg@Mn6 SMs, which explains the 
higher onset voltage for O oxidation in NLMMOs. This trend can be also 

observed in the cyclic voltammetry (CV) curves (Fig. 2b), in which the 
oxidation peaks during the first charge shift to higher voltages and 
become narrower with the increase of Mg@Mn6 SMs. Besides, the 
oxidation peak during the first charge is not considered to be a neat O 
redox single peak. Since Mn oxidation also contributes for minor ca
pacity during the initial charge, the minor shoulder peak before the 
major O redox peak can be ascribed to the oxidation of Mn. 

Since oxygen loss is an irreversible process, the resultant capacity 
decay can accumulate during repeated charge/discharge. The cycling 
performance of the three materials were evaluated and compared. As 
shown in Fig. 2c, capacity retentions over 50 cycles were calculated to 
be 31%, 50% and 62% for NLMO, NLMMO-1/4 and NLMMO-1/2, 
respectively. Although the initial capacity of NLMO was the highest 
(262 mAh g− 1), it underwent a severe capacity degradation to only 
82 mAh g− 1 after 50 cycles (Fig. 2d). By contrast, NLMMO-1/2 with 
abundant Mg@Mn6 SMs exhibited conspicuously improved cycling 
stability (137 mAh g− 1 after 50 cycles, Fig. 2e). The capacity decay of 
NLMMO-1/2 can be attributed to the Mn dissolution issue, which is 
widely existed in Mn-based cathode materials, especially when cycled 

Fig. 1. Structures of NLMO and NLMMOs. Schematic illustration of in-plane structures of a) NLMO, b) NLMMO-1/4 and c) NLMMO-1/2. d) XRD patterns of NLMO, 
NLMMO-1/4 and NLMMO-1/2. Corresponding Rietveld refinement results are shown in (h), (i) and (j), respectively. Enlarged figures of Bragg peaks in the 2 theta 
range of e) 15.5◦-16.5◦ and f) 19.5◦-23◦. g) Crystal structure of the layered P2-type NLMO. 
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under low voltages. Furthermore, the voltage decay issue that has been 
plaguing most O redox involved cathode materials was also mitigated in 
NLMMOs. As seen in Fig. 2c, the average voltage decays over 50 cycles 
are 216 mV, 143 mV, and 96 mV for NLMO, NLMMO-1/4, and NLMMO- 
1/2, respectively. The mitigated voltage decay is more evident in the 
comparison of normalized charge/discharge profiles of NLMO and 
NLMMO-1/2 at the 2nd and 50th cycles (Fig. 2f). In summary, the 
electrochemical experimental results confirm that the incorporation of a 
more stable second SM into the originally unstable superstructure can 
improve the coulombic efficiency and cycling stability of the Na-layered 
oxide cathodes. 

2.3. Structural evolution and O loss behaviors of NLMO and NLMMOs 

In order to establish the correlation between the electrochemical 
reversibility and the atomic-level understanding of SMs, the structural 
evolution during charge/discharge was thoroughly investigated. Here, 
XRD was employed to capture the structural evolutions upon cycling for 
all three materials. The corresponding XRD patterns for NLMO, 
NLMMO-1/4, and NLMMO-1/2 electrodes are shown in Fig. 3a, c and e, 
respectively. It is both interesting and surprising to find that all three 
materials still maintain the characteristic diffraction patterns of P2-type 
Na-layered oxides even after 50 cycles, although marked capacity deg
radations already took place (Fig. 2c). Further examination on the 
superlattice peaks (Fig. 3b, d, f) reveals more detailed structural infor
mation. As shown in Fig. 3b, the (1/3, 1/3, 1) peak of pristine NLMO 
completely disappeared after the first cycle. The loss of superlattice 
peaks can be either originated from the loss of honeycomb ordering or 
from the formation of stacking faults. However, the latter is excluded 
through employing the electron diffraction (ED) technique (Fig. S4). 
Therefore, the loss of TM ordering should account for the loss of 
superlattice peaks. During the first charge, both the inter-plane Li+

migration and the in-plane Mn4+ migration took places in NLMO [26]. 

As a consequence, the original honeycomb ordering of Mn ions was 
destroyed, resulting in the disappearance of superlattice peaks after the 
first charge. By contrast, the superlattice peaks of NLMMO-1/4 were 
retained for 20 cycles (Fig. 3d), indicating an improved structural sta
bility. Furthermore, when half of the SM sites were occupied by the 
Mg@Mn6 SMs, NLMMO-1/2 showed exceptional structural stability, 
with superlattice peaks still clearly visible even after 50 cycles (Fig. 3f), 
corresponding to the significantly improved cycling stability. The robust 
superstructure of NLMMO-1/2 can be attributed to the pinning effect of 
the stable Mg@Mn6 SMs, which function as obstacles and inherently 
retard the in-plane migration of Mn ions. 

With the in-plane migration of Mn ions, an inevitable result is the 
clustering of vacancies in the TM layer, resulting in the formation of 
uncoordinated O and subsequent O loss [26,33]. In this work, evolution 
of gas-phase oxygen was directly measured using in-situ differential 
electrochemical mass spectroscopy (DEMS) during the first charge. As 
shown in Fig. 3g, an obvious O2 signal was detected in NLMO with an 
onset voltage of 4.5 V, while no O2 signal was detected in NLMMO-1/2 
even at 4.8 V. Considering that the CV is a dynamical test with the 
voltage above 4.5 V for only a short period of time, the O2 evolution in 
NLMO could be considerable when galvanostatically charged to 4.5 V. 
Besides, the generation of CO2 is associated with the side reactions be
tween the oxidized O species and the vulnerable electrolyte components. 
Although CO2 signals were detected in both materials, the amount of 
CO2 evolved from NLMMO-1/2 was negligible compared with NLMO. 
Therefore, it is evident that the incorporation of the Mg@Mn6 SM 
inherently inhibited the formation of the uncoordinated O, in accor
dance with the theoretical analysis based on XRD results. 

2.4. Structural integrity of NLMO and NLMMOs 

In order to investigate the destructive effect of O loss on the structure 
of the cathode materials, XPS and high-resolution transmission electron 

Fig. 2. Electrochemical performance of NLMO and NLMMOs. a) First-cycle charge/discharge profiles of NLMO, NLMMO-1/4 and NLMMO-1/2 when cycled between 
1.5 and 4.5 V at 10 mA g− 1. b) Cyclic voltammetry curves of NLMO, NLMMO-1/4 and NLMMO-1/2 at a scan rate of 0.1 mV s− 1 between 1.5 and 4.5 V during the 
initial cycle. c) Capacity and voltage retention of NLMO, NLMMO-1/4 and NLMMO-1/2 when cycled between 1.5 and 4.5 V at 10 mA g− 1. Charge/discharge profiles 
of d) NLMO and e) NLMMO-1/2 at the 2nd, 10th, 30th and 50th cycles. f) Normalized charge/discharge profiles of NLMO and NLMMO-1/2 at the 2nd and 
50th cycles. 

J. Liu et al.                                                                                                                                                                                                                                       



Nano Energy 88 (2021) 106252

5

microscope (HRTEM) were employed to examine NLMO and NLMMO- 
1/2 after cycling test. The XPS Mn 2p spectra and fitting results of 
NLMO and NLMMO-1/2 are plotted in Fig. 4a and b, respectively. The 
corresponding average valence state of Mn derived from the XPS fitting 
results are shown in Fig. 4c. For NLMO, the initial valence state of Mn 
was nearly + 4, and it gradually decreased to + 3.65, + 3.38, and 
+ 3.34 after 10, 20, and 50 cycles, respectively. The decrease of the 
valence of TM is very common in O redox involved layered oxides as a 
consequence of the irreversible O loss, in order for charge compensation 
[34,35]. Therefore, it can be speculated from the XPS results that O loss 
continuously plagued NLMO during the first 20 cycles. After 20 cycles, 
the valence state of Mn became stable probably because of the depletion 
of unstable O in the lattice. By contrast, NLMMO-1/2 exhibited much 
more stable Mn valence during the whole 50 cycles. The initial valence 
state of Mn in NLMMO-1/2 was + 3.79 and only changed slightly to 
+ 3.76, + 3.74, and + 3.66 after 10, 20, and 50 cycles, respectively. This 
mild valence drop suggests the negligible O loss in NLMMO-1/2 
(Fig. 3g). 

The local structures of NLMO and NLMMO-1/2 were further 
inspected by HRTEM. Defect-free layered structures can be identified in 
both NLMO and NLMMO-1/2 before being cycled (Fig. S5). After 10 
cycles, micro-cracks can be identified in NLMO (Fig. 4d) while the 
structure of NLMMO-1/2 remained intact (Fig. 4g). The cracks in NLMO 
can be correlated to the broadening of the diffraction peaks in the XRD 
patterns, as quantified by the full width at half maxima (FWHM) of the 
characteristic (002), (010) and (012) peaks (Tables S5-S6 and Fig. S6). 
Since the increased FWHM usually suggests the decreased crystallinity, 
the more significant peak broadening of NLMO than NLMMO-1/2 in
dicates that a more drastic structural disordering took place during the 
initial cycle (Fig. S6). Further inspection on the crystal structure of 
NLMO shows seriously distorted crystal lattice and disordering regions 

around the cracks (Fig. 4e). These cracks extend far to the surface 
(Fig. 4f), making the bulk vulnerable to the attack by the electrolyte 
components. Besides, a disordered layer with a thickness of ~8 nm can 
be found on the particle surface (Fig. 4f). These disordered regions either 
in the bulk or on the surface can be attributed to the severe O loss 
(Fig. 3g) and the resultant structural collapse [33,36,37]. By contrast, 
NLMMO-1/2 maintained excellent structural integrity with the intact 
layered structure both in the bulk and on the surface (Fig. 4h, i). The 
improved structural integrity should account for the enhanced cycling 
performance of NLMMOs. 

2.5. Regulating the superstructural motifs 

Based on the results above, the expected scenario is schematically 
illustrated in Fig. 5. The theoretical evolution of the NLMO structure 
after charging is visualized. As seen in Fig. 5a, there is only one type of 
SM in NLMO, Li@Mn6, in which each O2- is coordinated with one Li+

and two Mn ions (Fig. 5d) [7]. Due to the weak electrostatic attraction 
between Li+ and O2-, O2- in this local coordination environment (LCE) 
has a higher electronic density, or a higher O 2p (Na-O-Li) state in the 
DOS, than those coordinated with three TMs (Fig. 5e) [38]. Upon 
charging, the Li-coordinated O2- experiences an oxidation reaction. On 
the other hand, the weak Li+-O2- interaction also endows Li+ with high 
mobility, allowing Li+ migrate away from the TM layer to the AM layer 
under deep charge (Fig. 5b) [25,26]. The vacancies left in the TM layer 
tend to cluster forming pores with O2 inside (Fig. 5c). As gaseous oxygen 
escapes from the material, pores remain and the loss of the oxygen from 
the structure is irreversible. 

Therefore, precluding vacancies from clustering is the key to inher
ently inhibit O loss, which requires a chemically inactive SM with low 
ion mobility in the structure. As a demonstration, the Mg@Mn6 SM is 

Fig. 3. Structural evolution and O loss behaviors of NLMO and NLMMOs. Evolution of XRD patterns of a) NLMO, c) NLMMO-1/4 and e) NLMMO-1/2 upon cycling. 
Enlarged figures of superlattice peaks are shown in (b), (d) and (f), respectively. g) In-situ differential electrochemical mass spectroscopy measurements for NLMO 
and NLMMO-1/2 with a scan rate of 0.2 mV s− 1 from open circuit voltage to 4.8 V. 
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selected on purpose because Mg2+ has stronger ionic interaction with 
O2- and therefore should meet the requirement. In this work, the hon
eycomb superstructure is reserved while some of the less stable Li@Mn6 
SMs are replaced by the stable Mg@Mn6. The resulted NLMMO contains 
both Li@Mn6 and Mg@Mn6 SMs (Fig. 5h), with O2- in different LCEs. 
Specifically, in the Mg@Mn6 SM, O2- is coordinated by one Mg2+ and 
two Mn ions (Fig. 5f) [13,39]. Since the strength of the Mg2+-O2- 

interaction is between those of the Li+-O2- interaction and the Mn4+-O2- 

interaction, the O 2p (Na-O-Mg) state of O2- in the Mg@Mn6 SM is sit
uated between those of the other two configurations of O2- (Na-O-Li and 
Na-O-Mn) in the DOS (Fig. 5g). Consequently, the redox activity of O 
and capacity of Na in NLMMO should be lower than those of NLMO. 
However, the relatively stronger interaction between Mg2+ and O2- is 
expected to fix Mg2+ in place to retain the in-plane structure of the TM 
layer (Fig. 5i) [40]. These stagnant Mg@Mn6 SMs function as obstacles 
to TM migration and the gathering of vacancies, and thus inherently 
inhibit the formation of uncoordinated O (Fig. 5j). Thus far, the com
plete logical chain from the atomic-level understanding of SMs to the 
macroscopical electrochemical performance is established, demon
strating the effectiveness of the SM regulating strategy. 

This SM regulating strategy might also potentially affect the redox 
heterogeneity at the mesoscale [41,42]. In O-redox cathodes, irrevers
ible O loss leads to decreased O redox reactions and consequently 
increased TM redox reactions (especially Mn redox reactions in this 
work). Since irreversible O loss usually originates from surface vicinity 
and gradually propagates into the interior of particle, there can be a 

naturally formed redox gradient for both O and TM, with more TM redox 
reactions in the surface vicinity but more O redox reactions in the bulk, 
exhibiting redox heterogeneity. With our doping strategy, O loss can be 
inherently inhibited. Therefore, the redox behavior can be more ho
mogeneous throughout the particle. 

3. Conclusions 

In summary, we demonstrated a universal strategy to address the O 
loss issue in anionic redox cathodes by directionally regulating the SMs. 
Based on the understanding of intrinsic chemical properties of SMs, 
appropriate SMs are selected to yield target performance in anionic 
redox cathodes. As a demonstration, by partially replacing the unstable 
Li@Mn6 SMs with the more stable Mg@Mn6 SMs, the resulted NLMMOs 
with regulated superstructures can harness the anionic redox for extra 
capacity with stable reversibility and thus exhibited significantly 
improved cycling performance. The inherent mechanism is explained by 
the pinning effect of the Mg@Mn6 SMs, deriving from the strong Mg2+- 
O2- interaction. The Mg@Mn6 SMs serve as obstacles and inherently 
retard the in-plane migration of Mn ions, as well as the resultant for
mation of uncoordinated O and the consequent irreversible O loss. The 
inhibition of O loss ensures the structural integrity of NLMMO, which 
finally accounts for the improved cycling stability. We revealed that the 
structural stability can be tailored through SM regulation and it is 
directly related to the reversibility of anionic redox reactions. This 
strategy can be further expanded by employing variable SMs and be 

Fig. 4. Structural integrity of NLMO and NLMMOs. XPS Mn 2p spectra and fitting results of a) NLMO and b) NLMMO-1/2 after different cycles. c) Average valence of 
Mn derived from XPS results. High resolution transmission electron microscope (HRTEM) images of d, g) particle morphologies, e, h) bulk structures and f, i) surface 
structures for NLMO and NLMMO-1/2 after 10 cycles. 
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applied universally to other intercalation cathodes where the anionic 
redox related structural motifs are present, inspiring the design and 
development of next-generation high energy cathodes for future 
batteries. 
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