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Abstract

Cathode, a key component in lithium-ion batteries (LIBs), 
has received substantial attention since the first LIB emerged 
in the 1990s. Currently, cobalt-based cathodes are domi-
nant in commercial LIBs, not only leading to a tight supply of 
cobalt resources but also exerting potential risk on battery 
recycling. To alleviate these situations, cation-disordered 
rock-salt (CDRS) cathodes containing no cobalt have been 
intensively investigated in recent years because of their high 
energy density originating from cumulative cationic and 
anionic redox activities. In this work, we initially reviewed 
prevalent CDRS cathode materials, including their structures 
and electrochemical properties. Afterwards, a summariza-
tion of the most updated research progress on the improve-
ment strategies for CDRS cathodes is provided. Finally, the 
challenges faced, and future guidelines for optimizing CDRS 
cathode materials are discussed. This mini-review may shed 
light on the further development of CDRS-type oxides in the 
next generation of cobalt-free LIBs.Keywords: Lithium-ion batteries; Cation-disordered rock-salt 

oxides; Cobalt-free cathode materials; Electrochemical proper-
ties; Improvement strategies. 

Background and Motivation

Lithium-Ion Battery (LIB) is one of the most successful com-
mercial secondary batteries in the 21st century due to its high 
operation potential and large specific capacity. To date, LIBs are 
regarded as a dominant power source for portable electron-
ics. They can even be integrated into electric vehicles (EVs) to 
relieve environmental issues triggered by internal combustion 
engine vehicles (ICEVs) [1]. Among the four main components 
of a LIB (i.e., cathode, anode, electrolyte and separator), the 
cathode is the most critical part because it serves as the primary 
lithium-ion (Li+) donor for the electrochemical reaction. In ad-
dition, the cathode occupies the highest proportion (≥ 30%) in 

a LIB cell. Therefore, cathode properties materials significantly 
affect the electrochemical performance and cost of LIBs [2].

At present, cobalt (Co)-contained cathodes possessed high 
percentages in commercialized high-energy LIBs, such as LiCoO2 
(LCO) [3], LiNixCoyMn1−x−yO2 (NCM) [4], and LiNixCoyAl1−x−yO2 
(NCA) [5]. However, the commercial success of these Co-con-
taining cathodes induces supply shortages and price increases 
of Co raw materials, which severely swing the cost of LIBs. Fur-
thermore, Co is toxic for miners and also raises the potential risk 
for recycling LIBs. Therefore, new types of cathodes are urgently 
needed to overcome these obstacles and further increase out-
put power for Co-free LIBs in terms of material level [6]. 
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Recently, Cation-Disordered Rock-Salt (CDRS) oxides 
(Li1+xMyM’1-x-yO2, M=Ti, V, Zr, Nb, Mo, etc. and M’= Mn, Fe, Ni 
etc.) have attracted increasing research interests because they 
demonstrate promising features to be one of the alternatives 
for the next-generation Co-free LIBs that can be employed in 
portable devices and EV markets. First, CDRS cathodes can 
provide higher energy densities than conventional cathode 
materials benefiting from their excess Li content in the crystal 
structure. Besides, both cations and anions in the crystalline of 
CDRS material can participate in electrochemical redox under 
the applied voltage range [7]. Second, these kind of oxide can 
sustain a longer lifespan attributed to their robust structures, 
which experience minorer volumic variations during charge and 
discharge cycles. Third, because of the unique composition of 
CDRS materials, expansive and toxic Co content can be elimi-
nated from their structure without compromising the electro-
chemical performances. Hence, reviewing current research 
progress on Co-free CDRS cathodes is timely and necessary.

In this work, we summarise the recent CDRS materials-based 
cathode development for LIBs. Firstly, an overview of Co-free 
CDRS oxides is presented to classify the differences from the 
traditional intensively studied cathode materials. Furthermore, 
trendy research based on CDRS cathodes is investigated and 
concluded, among which outstanding works are selected to dis-
close the relationships between structures and electrochemical 
performances. At last, modification strategies for current CDRS 
materials are reviewed, and future conceptions are proposed 
based on the state-of-art research achievements.

Overview of Cation-Disordered Rock-Salt Cathode Materi-
als

The first proposal of Li-contained CDRS oxide can trace back 
to 1990, Castellanos et al. reported a series of compounds with 
α-LiFeO2 structure: Li2MXO4 (M=Zr and Hf; X=Mg, Μn, Fe, Co, 
Ni, Cu, and Zn), in particular, M and X ions are disordered over 
the octahedral Fe sites [8]. However, following research found 
that a random distribution of Li exists in this structure, which 

Figure 1: Evolutionary routes of cathode materials, from 
layered structure oxides to CRRS oxides. Re-designed with permis-
sion from ref. [11] © 2022 Elsevier B.V.

Generally, current available CDRS oxides are featured by per-
colative Li migration, termed 0-TM percolation [12]. Li+, initially 
located at the octahedral sites, then migrate to neighbouring 
and vacant octahedral sites through intermediate tetrahedral 
sites. Weak repulsive interactions are favoured for Li+ transmis-
sion only when the intermediate tetrahedral sites share faces 
with Li+ and without TM ions (0-TM). In the Li-excess composi-
tions, the probability of percolative Li migration through 0-TM 
channels increases, inducing facile Li transportation in CDRS ox-
ides [9]. Therefore, the most investigated CDRS cathode materi-
als nowadays share a generic format with Li-rich layered oxides: 
Li(1+x)TM(1-x)O2. However, the TM element candidates that can be 
integrated into CDRS oxides are broader than those of Li-rich 
cathodes. 

hinders Li+ internal diffusions, so CDRS oxide had been slighted 
alongside the successful commercialization of LCO in the early 
2000s [9]. Since the first fully LIB-powered EV (Roadster: first 
generation) was released by Tesla in 2008, more attention has 
been attracted to cathode modifications to approach lower cost 
and higher energy density. Under this trend, people gradually 
realized that multielement layered structure Transition Metal 
(TM) oxides exhibited promising potential as cathodes for LIB 
that can be integrated into EVs. Within the deepening research, 
modified CDRS oxides derived from layered structure oxides re-
turned to the scientific community’s perspective [10]. A berife 
evolutionary path is demonstrated in Figure 1.

Table 1: Summary of CDRS cathode materials and their electrochemical performances.

Element 
composition

Chemical formula Voltage
Initial discharge capacities 

(current density)
Capacity 

retention  (cycles)
High-rate or different temperature testing Ref.

Li-Mn-Ti-O

LiMn0.5Ti0.5O2

2.0-4.7 V

145 mAh/g (7.5 mA/g) 86% (15)

At 58 mA/g, Li1.2Mn0.4Ti0.4O2 delivered 184 mAh/g 
with a capacity retention of 78%. 

[13]
Li1.1Mn0.45Ti0.45O2 163 mAh/g (7.5 mA/g) 90% (15)

Li1.2Mn0.4Ti0.4O2 226 mAh/g (7.5 mA/g) 82% (15)

Li1.3Mn0.35Ti0.35O2 184 mAh/g (7.5 mA/g) 79% (15)

Li1.2Mn0.4Ti0.4O2

1.5-4.8 V > 300 mAh/g (5 mA/g) > 85% (5) Cycled at 50 OC [14]

1.1-1.7 V ~ 208 mAh/g (10 mA/g) > 80% (10)

Under 50 OC, the initial discharge capacity in-
creased 27% compared to that of cycled at room 
temperature. At 260 mA/g, it still delivered a 
discharge capacity of 150 mAh/g. 

[15]

Li-Mn-Nb-O

Li1.05Mn0.9Nb0.05O2 1.5-4.8 V ~ 250 mAh/g (40 mA/g) 85% (40)
When cycled at 100 mA/g , Li1.05Mn0.9Nb0.05O2 and 

Li1.2Mn0.6Nb0.2O2 delivered a discharge capacity of 
223 mAh/g and 260 mAh/g, respectively.

[16]Li1.1Mn0.8Nb0.1O2 ~ 255 mAh/g (40 mA/g) 78% (35)

Li1.2Mn0.6Nb0.2O2 ~ 277 mAh/g (40 mA/g) 69% (40)

Li1.25Mn0.5Nb0.25O2 249.9 mAh/g (10 mA/g) 75.8% (30) - [17]

Li1.2Mn0.6Nb0.2O2 232 mAh/g (10 mA/g) 92.7% (20)

- [18]Li1.3Mn0.4Nb0.3O2 271 mAh/g (10 mA/g) 60.9% (20)

Li1.4Mn0.2Nb0.4O2 268 mAh/g (10 mA/g) 49.6% (20)
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Li-Mn-Nb-O

Li1.2Mn0.6Nb0.2O2 255 mAh/g (20 mA/g) 60% (100)
At 400 mA/g, Li1.2Mn0.6Nb0.2O2 delivered 208 
mAh/g.

[19]

Li1.3Mn0.4Nb0.3O2

~ 290 mAh/g (10 mA/g) ~ 55% (27)
-

[20]

~ 250 mAh/g (20 mA/g) ~ 32% (50) [21]

1.0-4.8 V ~ 300 mAh/g (10 mA/g) ~ 61% (20)
Cycled at 60 OC. At 1600 mA/g, it still delivered 
capacity higher than 160 mAh/g.

[22]

Li-Mn-Ta-O Li1.3Mn0.4Ta0.3O2

1.5-4.8 V ~ 250 mAh/g (10 mA/g) ~ 30% (30) - [23]

1.0-4.8 V 180 mAh/g (10 mA/g) ~ 64% (10)
Under 55 OC, the initial discharge capacity in-
creased to 230 mAh/g

[24]

Li-Mn-Zr-O Li1.2Mn0.4Zr0.4O2 1.5-4.7 V ~ 135 mAh/g (10 mA/g) ~ 55% (10)
Under 50 OC, the initial discharge capacity in-
creased 53% compared to that of cycled at room 
temperature. 

[15]

Li-Mn-Ni-
Mo-O

Li6/5Mni1/5Ni2/5Mo1/5O2

1.5-4.8 V

~ 200 mAh/g (10 mA/g) ~ 60% (30)

- [25]
Li9/8Mni5/16Ni7/16Mo1/8O2 240 mAh/g (10 mA/g) ~ 75% (10)

Li9/7Mn1/14Ni5/14Mo2/7O2 ~ 130 mAh/g (10 mA/g) -

Li5/4Mn1/18Ni3/8Mo1/4O2 ~ 170 mAh/g (10 mA/g) -

Li-Ni-Ti-O

Li1.1Ni0.35Ti0.55O2 2.5-4.5 V 116.5 mAh/g (40 mA/g) 85.8% (50)
At 400 mA/g, Li1.1Ni0.35Ti0.55O2 delivered more than 
50 mAh/g.

[26]

Li1.17Ni0.25Ti0.58O2

1.5-4.5 V

223.9 mAh/g (20 mA/g) 81.9% (50)
Li1.17Ni0.25Ti0.58O2 delivered about 120 mAh/g at 
400 mA/g.

[27]

Li-Ni-Ti-Mo-O Li1.2Ni1/3Ti1/3Mo2/15O2

223 mAh/g (20 mA/g) > 90% (10)
Li1.2Ni1/3Ti1/3Mo2/15O2 delivered 120 mAh/g at 400 
mA/g.

[28]

~ 220 mAh/g (20 mA/g) ~ 62% (50)
Li1.2Ni1/3Ti1/3Mo2/15O2 delivered 95 mAh/g at 400 
mA/g.

[29]

1.5-4.6 V 215 mAh/g (20 mA/g) 49% (100)
Li1.2Ni1/3Ti1/3Mo2/15O2 delivered 120 mAh/g at 400 
mA/g.

[19]

Li-Ni-Ti-Nb-O Li1.2Ni0.3Ti0.3Nb0.2O2 1.5-4.5 V 221.5 mAh/g (20 mA/g) ~ 80% (50)
Li1.2Ni0.3Ti0.3Nb0.2O2 delivered 119.7 mAh/g at 400 
mA/g.

[30]

Li-Ni-Nb-O

Li1.2Ni0.4Nb0.4O2
1.0-4.8 V

> 230 mAh/g (10 mA/g) ~ 72% (30)
Under 60 OC, the initial discharge capacity in-
creased to 303 mAh/g compared to that of cycled 
at room temperature. 

[31]

Li1.3Ni0.27Nb0.43O2 ~ 300 mAh/g (10 mA/g) ~ 17% (10) Cycled at 60 OC. [22]

Li1.8Ni0.4Nb0.6O2.8 1.5-4.5 V 155.35 mAh/g (20 mA/g) 82.9% (40)
Li1.8Ni0.4Nb0.6O2.8 delivered 116 mAh/g at 1000 
mA/g.

[32]

Li-Ni-Ta-O Li1.3Ni0.27Ta0.43O2 1.0-4.8 V ~ 220 mAh/g (10 mA/g) ~ 80% (10)
Under 55 OC, the initial discharge capacity kept at 
~220 mAh/g

[24]

Li-Ni-Sb-O Li1.15Ni0.47Sb0.38O2 2.5-4.6 V 132 mAh/g (225 mA/g) ~ 80% (50) - [33]

Li-Ni-Ru-O
Li1.23Ni0.155Ru0.615O2 2.2 -4.3 V 295.3 mAh/g (25 mA/g) ~ 67.1% (50)

Li1.8Ni0.4Nb0.6O2.8 delivered about 150 mAh/g at 
250 mA/g.

[34]

Li2Ni1/3Ru2/3O2 2.0-4.3 V 227 mAh/g (20 mA/g) 94.2% (150) Li2Ni1/3Ru2/3O2 delivered 84 mAh/g at 500 mA/g. [35]

Li-Nb-V-O

Li1.25Nb0.25V0.5O2

1.5-4.8 V

227 mAh/g (10 mA/g) ~ 90% (100)
Under 50 OC, the initial discharge capacity in-
creased to 300 mAh/g

[36]

Li1.3Nb0.3V0.4O2

~ 230 mAh/g (10 mA/g) ~ 100% (50)
The reversible capacity increased from 160 to 
210 mAh/g when cycleed at 60 °C (1.5-4.2 V).

[37]

~ 200 mAh/g (5 mA/g) > 80% (5)
Cycled at 50 OC [14]

Li-Nb-Fe-O Li1.3Nb0.3Fe0.4O2

~ 250 mAh/g (5 mA/g) > 90% (5)

225.8 mAh/g (20 mA/g) ~ 45% (50) - [21]

Li-Nb-Mo-O Li9/7Nb2/7Mo3/7O2
1.0-4.4 V

~ 280 mAh/g (10 mA/g) ~ 90% (30)
Li9/7Nb2/7Mo3/7O2 delivered about 250 mAh/g at 
100 mA/g with a 90% capacity retention after 60 
cycles. [38]

Li-Mo-Ti-O Li6/5Mo2/5Ti2/5O2 ~ 280 mAh/g (10 mA/g) ~ 90% (30)
-

Li-Mo-Cr-O Li1.211Mo0.467Cr0.322O2 1.5-4.3 V 265.6 mAh/g (16.4 mA/g) > 90% (10) [9]
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Table 1 classified and summarized Co-free Li-excess CDRS 
oxide-based cathodes and their electrochemical properties in 
the last decade. It can summarize that the CDRS oxides deliver 
higher specific capacities in most cases compared with con-
ventional cathode materials with layered frameworks (~140 
mAh/g). Moreover, TM selections are limited for layered struc-
ture oxides because they should be smaller than Li+ (0.90 Å) to 
maintain a relatively stable structure. However, CDRS cathodes 
are benefited from the rock-salt host structures that endure 
more deformations during Li+ intercalation/deintercalation [11]. 
Therefore, a broad of TM elements, even with higher oxidation 
states (e.g., Ti4+, V5+, Zr4+, Nb5+, Mo6+, etc.), can be feasibly inte-
grated into the crystal design for the CDRS cathodes. Urban et 

al. have noted that TM ions with no electron occupied d- orbital 
(d0) in their electronic structure favoured to stabilize the CRDS 
structure owing to the tolerance to distortion formed by the dif-
ferent local environments with various cations [39]. 

Although the enhanced stability of CDRS oxides enlightened 
a new path for synthesising cathode materials, significant chal-
lenges for CDRS-based cathodes, such as severe capacity degra-
dation during long cycles, are still impeding them be employed 
in commercial LIBs. Herein, the benefits and drawbacks of CDRS 
cathodes compared to currently commercialized cathodes are 
listed in Table 2. It indicated that CDRS cathode materials need 
to be further optimized to achieve long-term electrochemical re-
action stabilities, which will detailed discuss in the next section.

Table 2: Comparison of advantages and disadvantages between CDRS cathodes and current commericalized layered structure cathodes.

Advantages Disadvantages Ref.

CDRS 
cathodes

•	 Wider and cheaper available raw materials (toxic cobalt can be 
fully eliminated);

•	 Li-excess contained (could provide higher energy densities due 
to more Li+ reservoir);

•	 Stable crystal structure and excellent high-temperature perfor-
mance (High safety).

•	 Fast capacity degradation leading to short cyclic stabil-
ity;

•	 Poor rate performance induced by inferior electro-
chemical kinetics; 

•	 Limited Li+ diffusion rate causing voltage hysteresis;
•	 Low initial coulombic efficiency.

[12, 40, 41]

Layered 
cathodes

•	 Acceptable power output and lifespan;
•	 Proven manufacturing procedures;
•	 Intensively studied optimization strategies
•	 Relatively simple redox process.

•	 Over-reliance on cobalt, triggering its price increase 
and supply shortage; 

•	 Sensitive to ambient environment (e.g., CO2 and H2O); 
•	 Low thermal stability (arouse safety concerns).

[42-45]

Improvement strategies for cation-disordered rock-salt 
cathodes

As an emerging group of high-power cathodes, the crystal 
configuration of the CDRS cathode materials, the mechanism 
of Li+ insertion/extraction, and the fine-structure variation ef-
fects on the electrochemical performance have been intensely 
studied, as aforementioned above. For this series of materials, 
researchers focus on not only designing and regulating new het-
ero-structures but also modifying and optimizing existing CDRS 
systems. In this section, mostly applied optimization strategies 
are reviewed and discussed, which can be divided into three 
categories: morphology control, fluorine anion (F-)-doping, and 
surface modification. Morphology control

Particles’ size and morphology are critical influencing factors 
of cathode materials for LIBs. Commercial cathodes are mainly 
spherical powders within tens of micrometres, commonly fabri-
cated via solid-state synthesis followed by large-scale mechani-
cal ball milling and high-temperature post-calcination [46]. 
Although this process facilitates mass production, the high-tem-
perature thermal treatment inevitably induces surface Li losses 
due to the relatively low decomposition temperatures of those 
usually used Li sources, which is detrimental for CDRS cathodes 
maintaining excess Li content. In addition, particle agglomera-
tions during post-treatment further deteriorate the Li+ diffusion 
rate in the rock-salt structures by lengthening the migration 
distance from the internal of cathode particle to the cathode-
electrolyte interface (CEI). Various methods have been reported 
in these cases to adjust the morphology and particle size during 
synthesising CDRS oxides to enhance the electrochemical prop-
erties. 

Recently, Zhang et al. studied the particle size-dependent 
effects on electrochemical redox kinetics and charge distribu-
tions taking Li1.3Mn0.4Nb0.3O2 (LMNO) as an example [47]. With 
different post-ball milling durations, the as-synthesized LMNO 

cathode particle sizes dropped from ~7 μm (0 h bill milling) to 
~ 660 nm (18 h bill milling). The SEM images of the cathode 
powders with different milling times are illustrated in Figure 
2(a). Accordingly, the initial specific discharge capacities dra-
matically increased from only ~10 mAh/g for pristine LMNO to 
248 mAh/g after 18 h ball milling. Figure 2(b) shows the charge-
discharge curves for each sample at a current rate of 20 mA/g. 
It can be seen that the LMNO cathode, after 18 h ball milling 
with the smallest particle size, maintained the highest specific 
energy after 20 cycles. The improved output should be attrib-
uted to the decreased particle size magnifying the specific area 
of cathode materials, leading to more abundant contact with 
electrolyte accelerating Li+ exchange at CEI. Furthermore, the 
smaller volume of the cathode powders also shortens the Li+ 
migration pathway, promoting the electrochemical kinetics of 
CRDS cathodes [48]. Chen et al. and Tarascon et al. investigated 
the electrochemical properties of single crystal (SC) and poly-
crystalline (PC) Li1.3Mn0.4Ta0.3O2 (LMTO), respectively, in 2019. 
Spherical shape SC-LTMO with a uniform size of ~5 µm was 
prepared by a molten-salt procedure [23], while Tarascon et 
al. obtained PC-LMTO from a classical solid-state process [24]. 
Comparing Figure 2(c) and (d), the SC-LMTO with a smaller par-
ticle diameter could deliver a higher initial discharge capacity 
of ~250 mAh/g even cut at a higher voltage (1.5 V). However, 
the PC-LMTO only contributed ~180 mAh/g discharge capacity 
in the first cycle with the same current rate. Interestingly, when 
under a higher operation temperature, the specific capacities of 
PC-LMTO pronounced increase to ~270 mAh/g. Meng et al. also 
experimentally studied the morphology differences altering the 
electrochemical performances of CDRS oxides (Li1.3TM0.4Nb0.3O2; 
TM = Fe, Mn) by varying synthesis conditions. The nanoscale 
precursors were treated under a relatively low temperature 
with released particle aggregation, indicating enhanced cyclic 
reversibility (Figure 2(e)) [21]. They also proposed that CDRS 
cathodes share a similar issue with commercialized Ni-rich lay-
ered cathodes in that the initial discharge capacity would be 
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reduced under long-term air-expose caused by surface sensitiv-
ity to H2O and CO2 A recovery solution was provided, that is, 
thermal treatment at 500°C. Based on above discussion, we can 
conclude that the preparation process of CDRS materials is criti-
cal for optimizing the electrochemical performances because it 
greatly influences the morphology and size of cathodes, which 
further determines the redox kinetics of a LIB.

Figure 2: (a) SEM images of LMNO materials processed with 
different ball-mill time. (b) Electrochemical performance of the 
LMNO cells Voltage profiles at 20 mA/g, and the Ragone plots of 
different LMNO materials. Used with permission from ref.[47] © 
2022 John Wiley and Sons. (c) Left: voltage profiles of SC-LMTO 
half-cell at 10 mA/g. Right: 3D distribution of the local edge energy 
over the Mn K-edge of an arbitrarily selected PC-LMTO particle 
that was exposed to NO2BF4 in an oxidant/oxide molar ratio of 0.5. 
Used with permission from ref.[23] © 2019 John Wiley and Sons. 
(d) 25 and 55 °C first galvanostatic cycles, respectively, made at dif-
ferent SOCs together with the discharge capacity, in number of Li, 
of DM3 (>3 V) in the bottom panel. Used with permission from ref.
[24] © 2019 American Chemical Society. (e) Top: SEM images, and 
bottom: cycling stability of Li1.3Fe0.4Nb0.3O2 synthesized at a tem-
perature of 750 °C (black), 850 °C (blue), and 950 °C (red). Used 
with permission from ref.[21] © 2021 Royal Society of Chemistry.

Fluorine anion-doping 

Alteration of elemental composition and proportion of ac-
tive materials is one of the most utilized strategies to adjust the 
electrochemical properties of electrode materials by modify-
ing their crystal and electronic structures. For CDRS-class cath-
odes, incorporating high-valent TM with d0 orbits and fluoride 
anion-doping in the oxygen sites are two commonly employed 
approaches to improve performance [49]. Apart from in-depth 
researched cationic dopants presented above, anion-doping, 
especially with F- (1.33 Å), indicated promising merits because 
it could enlarge the sublattice to provide unobstructed space 
for the excess Li+ diffusion, which also compensates the charge 
in the CDRS structure. Additionally, the higher electronegativity 
of the substituted F could reinforce the TM redox process more 

than TM-O bonds during cycling, contributing to extended re-
versible electrochemical reactions [50].

In 2017, Richard et al. initially verified that F doping into Mn-
based cathodes is more favorable through DFT simulation, par-
ticularly with Li-rich and local TM deficiency environments [51]. 
Afterwards, Lun et al. successfully obtained a series of F-incor-
porated CDRS structures: Li1.2Mn3+

0.6+0.5xNb5+
0.2-0.5xO2-xFx (0≤x≤0.4) 

[52]. The enhanced cyclability after F incorporation can be at-
tributed to the significantly alleviated oxygen loss during cycling 
and decreased Jahn–Teller distortion originating from Mn3+. In 
addition, They claimed that the 10% fluorination rearranges the 
energy levels of Mn and O in their orbital positions, as shown 
in Figure 3(a). F- breaks the symmetry of the electronic envi-
ronment around Mn3+ may be responsible for the overall redox 
capacity improvement [53]. Lee et al. also comparative studied 
electrochemical performances between Li1.15Ni0.375Ti0.375Mo0.1O2 
(LN15) and Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15 (LNF15) [54]. Their results 
indicated that F could be not only facilely substituted into the 
bulk of CDRS oxides but also amplified the Ni redox activity 
during cycling. Their analysis confirmed that mitigated oxygen 
dissipation from the CRDS framework by F-doping significant-
ly increases the practical energy density (from LN15 with 587 
Wh/kg to LNF15 with 681 Wh/kg) (Figure 3(b)). LNF15 with a 
lower average anion valence due to charge compensation re-
sulting in a lower polarization at reasonable operating volt-
ages and exhibits a much higher rate capability than the pure 
LN15. Subsequently, Ahn et al. systematically explored the im-
pact of the F-doping ratio on the electrochemical performance 
of Li1.2Mn0.6Nb0.2O2 [55]. It can be found from Figure 3(c) that 

Figure 3: (a) Left: comparison of discharge capacities of LMNO, 
LMF05, and LMF10. Right: Distribution of calculated Mn-O/F bond-
length deviations in LMNO and LMF10, and proposed structural 
connection between Jahn–Teller distortion and orbital energy lev-
els. Used with permission from ref. [52] © 2018 John Wiley and 
Sons. (b) Top: voltage profiles of LN15 and LNF15 cycled between 
1.5 and 4.6 V at 20 mA/g. The insets show the capacity retention of 
the materials over the first 20 cycles. Bottom; Differential electro-
chemical mass spectrometry (DEMS) of LN15 and LNF15. Used with 
permission from ref. [54] © 2017 Springer Nature. (c) Electrochem-
ical performances of half-cells with different F doping levels. Top: 
voltage profiles during the first cycle. Upper middle: specific dis-
charge capacity of F0, F2.5, F5, and F10 cathodes during the first 30 
cycles. Lower middle: rate capability of as-prepared cathodes. Bot-
tom: discharge capacity retention as a function of current densities. 
Used with permission from ref. [55] © 2020 John Wiley and Sons.
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with the increase of F content, the initial discharge capacity was 
decreased correspondingly. However, the Li1.2Mn0.6Nb0.2O2-xFx 
exhibited better cyclic stability than the pristine one. The au-
thors suggested that the F content increase lowers the anionic 
redox contribution (O2-/O(2-x)-) to the capacity while increasing 
the cationic redox activities, resulting in more reversible elec-
trochemical properties for CDRS cathodes. It is also worth not-
ing that rate capability increased with an appropriate amount 
of F substitution (2.5 at.%), possibly because of enhanced ionic 
and electronic conductivities. 

1.	 In summary, the positive effects of F integration into 
CDRS systems can be concluded as follows: The bonding 
strength of Li-F higher than Li-O maximizes the Li content 
around F, stabilizing the Li-excess CDRS structure.

2.	 Irreversible anionic redox (oxygen release) during the ini-
tial cycle could be inhibited, increasing TM-based capacity 
contributions.

Local structure connections (such as short-range ordering) 
may be rearranged with F substitutions, promoting Li percola-
tion in the rock-salt structure.

Surface modifications

Surface modification strategy has been commonly utilized on 
commercial cathode materials for years because coated cath-
ode surface prevents direct contact with the organic electrolyte, 
avoiding parasitic reactions. Meanwhile, coating materials also 
locally reduce the acidity from the electrolyte at the CEI, which 
could suppress electrolyte degradation. In addition, employing 
high electrical conductive materials helps lower the internal re-
sistance, facilitating the electrons and Li+ transportations [56]. 
Considering oxygen anions are relatively active in CDRS oxides 
compared to other cathode materials, surface modification is 
an ideal way to improve and stabilize their cycling performance. 

As mentioned above, CDRS cathodes usually possess high 
electrical resistance and fast capacity fading during cycles. In 
this regard, carbon-based coating materials are quite fit for 
CDRS oxides because of their high electronic conductivity, ex-
cellent stability, and low cost [57]. Shen et al. originated a 
Li1.24Fe0.38Ti0.38O2 (LFT) CDRS cathode coated with carbon nano-
tubes (CNTs) composited conductive networks, which indicates 
higher charge transfer and more sufficient Li diffusion rates 
[58]. The CNT surface-modified CDRS oxide showed a signifi-
cantly enhanced rate performance. It can be observed from 
Figure 4(a) that the pristine LFT left only 36 mAh/g of discharge 
capacity after 200 cycles at a 300 mA/g current rate. After CNT 
coating, the reversible specific capacity drastically increased to 
108 mAh/g at the same conditions. In the meantime, the long-
term cycling (up to 500 cycles) of CNT/LFT cathode under 3000 
mA/g reveals a negligible degradation.

The oxide-based coating could effectively suppress the side 
reactions between the cathode and electrolyte, thereby ex-
tending the cyclic stability of LIBs [59]. Huang et al. employed 
the atomic layer deposition (ALD) technique constructing a thin 
Al2O3 layer (less than 5 nm) onto CDRS Li1.2Ti0.4Mn0.4O2, intending 
to modify its electrochemical performances [60]. Their results 
turned out that with a proper thickness of Al2O3 coating (24 ALD 
cycles), the discharge capacity of LTMO/24Al2O3 increased from 
228.1 to 266.7 mAh/g after 15 charge-discharge cycles at 10 
mA/g with a capacity retention raising of 11.2% (from 79.7 to 
90.9%), as illustrated in Figure 4(b). The improved cycling stabil-
ity of the Al2O3-coated sample is mainly due to the reduced un-

desirable side reactions, which alleviates the polarization during 
cycling. Furthermore, an artificially built oxide layer mitigates 
the charge transfer resistance from the spontaneously gener-
ated CEI, leading to improved electrochemical performance for 
CDRS cathode materials. Fichtner et al. investigated the elec-
trochemical properties of Li1.2Ni1/3Ti1/3Mo2/15O2 (LNTM) with or 
without LiNbO3 (LNO) surface modification [29]. They have sug-
gested that LiNbO3 serve as not only a passivation layer to al-
leviate side reactions. At the same time, the Nb in the coating 
material would permeate into the LNTM cathode surface from 
the LNO-LNTM interface to establish a Li-Ni-Ti-Mo-Nb solid so-
lution with Nb-rich regions under high-temperature thermal 
treatment. Compared to the pristine LNTM cathode manifest-
ing substantial capacity decay at a high delithiation state due to 
irreversible oxygen release, dual modified (Nb doping/surface 
coating) LNTM cathode demonstrated enhanced discharge volt-
age and cyclic stability by reduction of impedance and polariza-
tion, respectively (Figure 4(c)). Their outcomes also confirm the 
necessity of using small-size materials for achieving high spe-
cific capacities in CDRS cathodes, which is well-agreed with the 
observations in section 3.1.

Figure 4: (a) From top to bottom: schematic fabrication process 
of LFT/CNT; voltage profiles and rate capabilities of the LFT and 
LFT/CNT cathodes at various rates (0.1 C to 5 C); cycling perfor-
mance and coulombic efficiency of the LFT and LFT/CNT cathodes 
at current rates of 1 C and 10 C (1 C = 300 mA/g). Used with per-
mission from ref. [58] © 2021 Springer Nature. (b) Top left and 
middile: 1st and 10th charge-discharge curves. Top right: cyclic 
performance of as-prepared cathodes. Bottom: HRTEM images 
LTMO/24Al2O3. Used with permission from ref. [60] © 2019 Huang, 
Wang, Gong, He and Wang. (c) Voltage profiles pristine LNTM and 
LNO-coated LNTM cathodes. Used with permission from ref.[29] © 
2019 American Chemical Society. (d) Electrochemical properties of 
LTNNO, LTNNO@C, LTNNO@Al2O3, and LTNNO@C-Al2O3. Used with 
permission from ref. [7] © 2022 Elsevier.

Very recently, Yu et al. attempted carbon/Al2O3 double coat-
ing on a Ni-based CDRS oxide: Li1.2Ti0.3Ni0.3Nb0.2O2 (LTNNO) [7]. 
Among all control groups, carbon and Al2O3 co-coated cathodes 
presented improved long-term redox stability (delivered a re-
versible capacity of more than 149 mAh/g after 200 cycles at 
40 mA/g with a capacity retention of 76.1%). It is also corrobo-
rated that carbon coating promotes capacity by increasing the 
conductivity of the CDRS compositions. After the sole carbon 
coating, they found that a new generation of peroxo-like spe-
cies boosts anionic capacity contributions. Additionally, Al2O3 
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coating accompanied by partially smaller radius Al3+ doping on 
Ti sites improved the cycling stability of the CDRS cathodes be-
cause of the protective effect on parasitic reactions and short-
ening the band overlap between Ni and O, activating Ni redox 
couples and stabilizing O sublattice.

In short, we conclude that surface modifications promise 
further improvement of the rate capability and cycling perfor-
mance of Li-excess Co-free CDRS cathode materials.

Conclusions and Prospects

As electronics have become indispensable in human life in 
recent years, the demand for high-performance LIBs is signifi-
cantly increasing. CDRS-based cathode materials diversify the 
battery landscape and help alleviate the over-reliance on toxic 
Co, leading to a promising future for the energy storage market. 
However, most CDRS cathodes were restricted by low electrical 
conductivity, slow Li+ diffusion, and unfavourable electrolyte in-
teractions. Researchers have put in years of effort to overcome 
these challenges through different methods. Hence, after a 
systematic review of nearly a decade of literature in this area, 
we categorize these improvement strategies for CDRS cathode 
materials into three classes: morphology control and size mini-
mization, elemental doping, and surface modification. Except 
for the improvement mechanisms already expressed above, 
several questions and proposals for the next-generation CRDS 
cathodes are provided below for continuing investigation:

1.	 Without a doubt, downsizing CDRS particles to the na-
noscale benefits achieving high power density since it re-
duces the Li+ diffusion length and the migration barrier. 
However, small particle size will also enhance the anionic 
redox activity, triggering irreversible oxygen loss. There-
fore, a passivation layer may inhibit this effect worth fur-
ther analyzing.

2.	 In CDRS oxides, unhybridized O 2p orbitals arouse oxy-
gen loss at a high delithiation state. Thus, F doping at the 
oxygen sites can be used to increase the TM-based redox 
capacities. However, the doping amount in diverse CDRS 
systems is blurred. 

3.	 Although positive impacts have been claimed after the 
surface modifications on the CDRS cathodes, functional-
ities and mechanisms still need to be better understood. 
Also, optimizing the coating process to achieve uniform 
coating is a critical technical problem that needs to be 
solved. 

4.	 As the research for CDRS cathodes is still in the early 
stages, continuing to find CDRS materials with low cost, 
controllable production processes and excellent perfor-
mance, as well as an in-depth discussion of related mech-
anisms, will still be the research focus in the future. 

5.	 Comprehensive analysis of the modification strategies 
with various doping elements and coating materials, such 
as polymers with excellent conductivity and electrochem-
ical activity, should be paid more attention to modifying 
CDRS cathode materials. The CDRS cathodes may also 
be integrated into the emerged lithium-sulphur (Li-S) or 
lithium-air/oxygen (Li-air) systems to explore more pos-
sibilities. 
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Highlights

•	 Recent development of cation-disordered rock-salt cath-
ode materials in lithium-ion batteries has been systemati-
cally reviewed.

•	 State-of-art research progress focusing on the improve-
ment strategies and corresponding mechanisms for cat-
ion-disordered rock-salt cathodes have been summarized.

•	 Prospect for optimizing cation-disordered rock-salt cath-
ode materials are discussed.
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