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and Zhongwei Chen *a

Manganese (Mn)-based cathode materials are emerging as strong candidates for next-generation low-cost

rechargeable batteries due to their high energy density, natural abundance, and environmental benignity.

However, severe performance degradation caused by voltage decay, transition metal dissolution, and

sluggish reaction kinetics has hindered their further commercialization for decades. Herein, we

systematically review the composition, electrochemical behavior, and degradation mechanisms of

representative Mn-based cathodes in both lithium- and sodium-ion batteries. State-of-the-art

optimization strategies are summarized that mitigate key limitations while enhancing electrochemical

performance. Advanced in situ/operational characterization and theoretical modeling techniques are

valued for their role in revealing degradation pathways and guiding rational design. Additionally, techno-

economic analysis and life-cycle assessment are introduced to evaluate the feasibility of Mn-based

cathodes for sustainable energy storage, which outlines a roadmap for advancing Mn-based cathodes

from fundamental research to commercial deployment.
1 Introduction

The advancement of high-performance energy storage systems
is essential to enable renewable energy integration, reduce
greenhouse gas emission, and accelerate global deca-
rbonization with co-benets for society and the economy. To
realize these objectives, the development of low-cost, high-
energy-density rechargeable batteries is pivotal for achieving
a sustainable society.1–4 Notably, the battery performance
metrics are predominantly governed by the cathode material,
which constitutes approximately 50% of the total battery
material cost.5 Currently, most commercial cathode materials
rely on cobalt or iron-based compounds, each presenting
signicant limitations. While cobalt-based cathodes demon-
strate excellent energy storage potential and structural stability,
geological constraints pose serious concerns. According to the
latest data from the United States Geological Survey, the
abundance of cobalt in the earth's crust is only 25 ppm,
rendering it insufficient to meet escalating energy storage
demands and resulting in dramatic price volatility.6 Conversely,
iron-based cathodes, despite their natural abundance, are
fundamentally constrained by low redox potentials and inferior
charge transport characteristics, which collectively restrict their
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achievable energy density.5 To enable sustainable expansion of
the energy storage market, the development of novel cathode
materials that simultaneously offer reduced cost and enhanced
energy density represents a critical research priority.

Manganese (Mn)-based cathode materials have recently
garnered signicant attention due to their low cost, high
thermal stability and low toxicity.7 The crustal abundance of Mn
species is much higher than that of nickel and cobalt, with
a crustal abundance of up to 950 ppm (vs. 180 and 10 ppm for Ni
and Co, respectively), contributing to its cost stability and
market affordability in recent years. Furthermore, the multiva-
lent nature of manganese (Mn2+ to Mn7+) enables the design of
diverse cathode materials with tunable crystal structures.8

Certain Mn-based frameworks exhibit high redox potentials,
thereby enabling enhanced specic capacity in high energy
battery applications. However, one of the biggest challenges in
commercializing Mn-based cathode materials for rechargeable
batteries is the dissolution-migration-deposition process, which
leads to capacity decay during repeated insertion and dein-
tercalation processes.7,9 Such a dissolution-migration-
deposition process affects the composition of the cathode
electrolyte interface (CEI) layer on the cathode side due to
deterioration reaction between the electrolyte and the inter-
face.10,11 To tackle these issues, numerous strategies have been
applied to enhance reaction dynamics, inhibit the dissolution
of Mn ions, and stabilize the CEI layer, which showed the great
promise of Mn-based cathode materials.

Herein, we systematically examine the recent advances of
Mn-based cathode materials from the perspective of energy
Chem. Sci., 2026, 17, 6345–6370 | 6345
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Fig. 1 Publication analysis of Mn-based cathode materials for Li/Na
ion batteries from 2005 to 2025.
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storage applications, with detailed discussion on their inherent
limitations and ongoing challenges. We present targeted opti-
mization strategies to address these issues, with particular
emphasis on mechanistic understanding including Mn disso-
lution oxygen release mechanisms using advanced character-
ization techniques and theoretical calculations/machine
learning. More importantly, for the purpose of comparison of
costs, we further conducted a comprehensive comparison
between Mn-based cathode materials and existing cathode
materials from the perspective of life cycle assessment and
techno-economic analysis. This integrated perspective bridges
fundamental research with practical applications and
commercialization requirements of Mn-based cathode mate-
rials, providing a roadmap for developing viable Mn-based
energy storage systems.

To better reect the development trajectory of Mn-based
cathode materials, we conducted a statistical analysis of pub-
lished papers related to Mn-based cathodes for LIBs and SIBs
over the past two decades (2005–2025). As shown in Fig. 1, the
research on Mn-based cathodes has experienced three distinct
stages. From 2005 to 2010, the eld was in the initial exploration
phase, with a small number of publications focusing on the
basic properties of classic materials such as spinel LiMn2O4.
The period 2011–2020 witnessed rapid growth in research
activity, attributed to the urgent need for low-cost energy
storage materials and the emerging interest in SIBs, leading to
extensive investigations on structural optimization and perfor-
mance enhancement strategies. Since 2021, the research has
entered an in-depth optimization stage, with a steady high
volume of publications concentrating on solving inherent
performance bottlenecks and evaluating commercialization
potential. This statistical trend aligns with the content of this
review, further conrming the increasing academic attention
and practical value of Mn-based cathode materials (Fig. 1).
Fig. 2 A summary of the representative Mn-based cathode materials.
2 Mn-based cathode materials
2.1 Representative Mn-based cathode materials

Mn-based oxides demonstrate exceptional compositional exi-
bility, allowing for the formation of various cathode material
derivatives through cation incorporation. The most
6346 | Chem. Sci., 2026, 17, 6345–6370
technologically signicant variants include spinel-type, layered-
type, and olivine-type structures (Fig. 2). Each of these struc-
tures offers distinct electrochemical advantages. Due to their
complementary advantages, such as structural stability in
spinel Mn-based oxides, high theoretical capacity in layered
Mn-based oxides, and superior theoretical energy density in
olivine compounds, these three Mn-based cathode material
families are considered the most promising development
directions for next-generation batteries.

2.1.1 Spinel Mn-based oxides. Spinel Mn-based oxides have
been widely used in lithium (Li)-ion batteries (LIBs) due to their
good structural stability. They have a cubic spinel AB2O4

structure with the Fdm3 space group, where Li is located at the A
position and occupies 1/8 of the tetrahedral position, Mn is in
the B position and occupies 1/2 of the octahedral position, and
O forms a face-centered cubic (FCC) array. Adjacent MnO6

octahedra share edges, forming a 3D Mn2O4 network in which
Mn has an average oxidation state of +3.5.12 The delithiation of
LiMn2O4 provides two close voltage plateaus, with a voltage of
about 4 V relative to Li+/Li. During this process, the cubic
symmetry is well maintained, leading to its good structural
stability. Therefore, spinel LiMn2O4 can be used as a stable, low-
cost cathode for energy storage applications. However, the
energy density and theoretical specic capacity of LiMn2O4 are
relatively low, around 650 Wh kg−1 and 148 mAh g−1, respec-
tively. Another issue with LiMn2O4 is related to its poor cycling
performance due to Mn dissolution at high voltages (>4.3 V) or
in acidic electrolyte. The dissolution of Mn is mainly attributed
to the release of Mn2+, which originates from the dispropor-
tionation of Mn3+. Since the low valence state of Ni2+ can
increase the valence state of Mn, further preventing the Jahn–
Teller effect and Mn dissolution, the well-known derivative
LiNi0.5Mn1.5O4 material was prepared by Ni2+ doping to effec-
tively stabilize the crystal structure. LiNi0.5Mn1.5O4 has a higher
© 2026 The Author(s). Published by the Royal Society of Chemistry
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potential plateau of approximately 4.7 V, a higher energy density
of 650 Wh kg−1, and a theoretical capacity of 147 mAh g−1.
LiNi0.5Mn1.5O4 is a promising high-voltage cathode material,
though interfacial stability with conventional electrolytes
remains a key challenge.13 Aurbach et al.14 developed two
suspension electrolytes by incorporating trimesic acid (TMA) or
terephthalic acid (TPA) into the conventional LP57 electrolyte
(1.0 M LiPF6 in EC/EMC = 3 : 7) and evaluated their perfor-
mance in high-voltage Li‖LiNi0.5Mn1.5O4 cells at 30 °C. The
TMA/TPA additives induce the formation of a LiF-rich solid
electrolyte interphase (SEI) on the anode, which optimizes Li
plating/stripping, reduces voltage hysteresis, and suppresses
electrolyte decomposition during long-term cycling. Electro-
chemical tests conrm that the modied electrolytes signi-
cantly enhance cell cycling stability, rate capability, and capacity
retention: Li‖LiNi0.5Mn1.5O4 cells with LP57 + TMA and LP57 +
TPA achieve 98% and 92% capacity retention aer 400 cycles,
respectively, far outperforming the reference LP57 electrolyte
(38% retention). Additionally, the LiNi0.5Mn1.5O4 cathodes in
the modied electrolytes exhibit superior structural, morpho-
logical, and thermal stability post-prolonged cycling. Separately,
Lim et al.15 optimized LiNi0.5Mn1.5O4 synthesis via the Pechini
sol–gel method to obtain uniform particles and precise calci-
nation temperature control. They further employed density
functional theory (DFT) calculations and electrochemical
measurements to determine optimal conditions for uniform
coating of the electrode surface with the oxide solid electrolyte
Li6.28Al0.24La3Zr2O12 (LALZO), aiming to improve Li+ conduc-
tivity and enhance cycling/thermal stability. The LALZO coating
physically isolates the electrode from the electrolyte, suppress-
ing interfacial side reactions and boosting ion conductivity.
Consequently, the modied electrode exhibits enhanced rate
capability and signicantly improved capacity retention (100
cycles at 0.2 C).

Research on NaMn2O4 began relatively late compared to
LiMn2O4. NaMn2O4 was rst synthesized in 2009 using a high-
pressure synthesis method16 and its electrochemical perfor-
mance as a sodium (Na)-ion battery (SIB) cathode material was
explored in 2014.17,18 NaMn2O4 adopts an orthorhombic
CaFe2O4-type structure with a Pnam space group, showing
potential as high voltage cathodes with high specic capacity
and stable cycle performance.19 This spinel phase NaMn2O4 has
been investigated and showed a capacity of 65 mAh g−1 in the
voltage range of 2.0–4.0 V with a good capacity retention aer
200 cycles.19 However, NaMn2O4 still suffers from several chal-
lenges, such as insufficient air stability, rapid capacity decay
due to disproportionation reactions, Mn dissolution in the
electrolyte, poor thermal stability under overcharging or high-
temperature conditions, and the risk of thermal runaway.

2.1.2 Layered Mn-based oxides. LiMnO2 was the rst
developed Mn-based material.20 As a promising cathode mate-
rial for LIBs, LiMnO2 has a monoclinic and a layered structure
with a high theoretical capacity of 285 mAh g−1.21 This typical
Li-ion layered Mn-based oxide is formed by an edge-sharing
MnO6 octahedral structure. Li-ions are located in the octahe-
dral coordination environment of oxygen, forming the so-called
O3 stacking conguration. The Li2MnO3 (Li[Li1/3Mn2/3]O2)
© 2026 The Author(s). Published by the Royal Society of Chemistry
structure can be formed by increasing the Li/Mn ratio in the
layered LiMnO2 to improve the structural stability. In 1991,
Thackeray found that Li2−2xMnO3−x (0 < x< 1) showed signi-
cantly better structural stability than the layered LiMnO2

cathode material, pioneering the use of Li-rich layered oxide
(LLO) materials in LIBs.22 In 1999, Kalyani discovered that
Li2MnO3 can be activated and exhibit high capacity when the
charging voltage reaches 4.5 V, sparking signicant interest in
this material.23 Combined with high specic capacity (>250
mAh g−1@0.1 C), low cost, and good performance, Li-rich Mn-
based (LRM) layered oxide is considered as the most prom-
ising candidate material for the next generation of high-
specic-energy LIBs. Li2MnO3 structure derives the well-
known “composite structure” Li-rich Mn-based layered oxides
(Mn-LLO), which provide a reversible capacity exceeding 300
mAh g−1. Mn-LLO shows a characteristic two-step electro-
chemical reaction during the initial charging process. The
cationic redox of Mn is triggered with a voltage slope below
4.4 V, whereas the anionic redox of oxygen is activated above
4.4 V, resulting in a voltage stabilization at ∼4.5 V. During the
initial charging-discharging process, O2 gas is generated and
released caused by the oxidation of partial active oxygen,
resulting in irreversible capacity loss. When the voltage is
higher than 4.5 V, irreversible oxygen release also occurs to
decrease the binding energy of Mn ions and oxygen. The
continuous structural transformation from the layered phase to
the spinel phase results in voltage decay and poor cycling
performance, and the irreversible structure transformation
deteriorates the rate performance of Mn-LLO.

Different from Li-layered materials, the stacking sequence of
Na-layered oxides is greatly affected by the nature of TM and
composition, as well as the Na content in the alkaline layer.
According to Delmas' annotation, layered SIB cathode materials
can be divided into O-type and P-type.4 In terms of the structure
of layered oxide, it can be divided into the P2, O3, and P3
phases.4 Owing to the high theoretical capacity of 243 mAh g−1

and low cost of NaxMnO2, it becomes more competitive than
other NaxMO2 such as NaxCoO2. The O3 phase and P2 phase are
the most common structural polymorphs of layered oxides used
as SIB cathodes.24 The O3 phase consists of alternating Na layers
and Mn layers in the oxygen ion skeleton, tightly packed in an
ABCABC pattern, in which Na ions and Mn ions are located at
the octahedral positions of the Na layer and Mn layer, respec-
tively. In contrast, the oxygen ion framework of the P2 phase
stacks in an ABBAABBA manner, with all Na+ located at trian-
gular prism sites of the Na layer.25,26 In addition to the O3 and P2
phases, the O2 phase of NaxMnO2 also shows certain electro-
chemical activity. The O2 phase consists of zigzag layers of
MnO6 octahedra that share edges, with Na+ located between the
octahedral sites. However, the O2 phase suffers from poor
cycling performance due to structural collapse and amorph-
ization caused by continuous strain and deformation.

The tunnel NaxMnO2 with an orthorhombic structure is
another electrochemical active NaxMnO2, in which all of the
Mn4+ ions are located at the octahedral sites (MnO6), and Mn3+

ions are located at the octahedral sites and square-pyramidal
sites (MnO5) evenly. Its structure can be described as an
Chem. Sci., 2026, 17, 6345–6370 | 6347
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alternating arrangement of two types of tunnels extending
along the b-axis with distinct cross-sectional dimensions: the
larger S-type tunnels (∼0.46 nm × 0.46 nm) and the smaller P-
type tunnels (∼0.23 nm × 0.23 nm).27 This unique open
framework not only provides abundant sites for Na+ storage but,
more critically, constructs an interconnected fast ion transport
pathway. Studies have conrmed that Na+ primarily undergoes
two-dimensional diffusion with low energy barriers along the b-
axis within the spacious S-type tunnels. This enables the
material to maintain minimal structural strain even during
repeated insertion/extraction of large-sized Na+, thereby endo-
wing it with excellent rate capability and long-term cycle
stability potential.28 Notably, Na0.44MnO2, a well-known tunnel
NaxMnO2 exhibits a high theoretical capacity of 121 mAh g−1

and characteristic dual voltage plateaus (∼3.2 V and ∼4.0 V vs.
Na/Na+), which correspond to the two-phase reaction and
single-phase reaction involved in the Na+ extraction/insertion
process, respectively.4 As a representative tunnel-type Nax-
MnO2, Na0.44MnO2 exhibits excellent rate capability, which is
highly desirable for practical energy storage applications.
Specically, it delivers a discharge capacity of ∼200 mAh g−1 at
0.1 C (slow charge–discharge rate) andmaintains∼110mAh g−1

even at a high rate of 10 C, corresponding to a capacity retention
of ∼55% relative to the 0.1 C capacity.29 This outstanding rate
performance originates from its open tunnel structure, which
provides unobstructed channels for rapid Na+ intercalation/
deintercalation and minimizes structural distortion during
high-rate cycling. Bulk doping is one of the core approaches to
stabilize the crystal structure. Introducing doped ions to
partially replace Mn can not only effectively suppress the Jahn–
Teller distortion, but also increase the material's average oper-
ating voltage and Na+ diffusion coefficient, enhance structural
stability, and improve cycling performance.30 Surface modi-
cation is another key strategy. Coating a uniform carbon layer
via a simple liquid-phase method can signicantly reduce the
side reactions between the electrode surface and electrolyte,
effectively inhibit Mn dissolution, and thus greatly improve
long-term cycling stability.31 By continuously optimizing bulk
doping, advancing interface engineering, and designing nano-
structures to overcome the potential irreversible lattice phase
transition during deep charging (high Na+ extraction state) and
lattice distortion induced by Mn3+ (a Jahn–Teller ion), the
electrochemical performance of this material system—espe-
cially its cycle life—is being systematically enhanced, demon-
strating great potential as a high-power, long-life cathode
material for sodium-ion batteries.32

2.1.3 Olivine Mn-based compounds. Research on olivine
Mn-based phosphate compounds was initiated aer Good-
enough's discovery of LiFePO4 as a viable cathode material for
LIBs.33 Aer the discovery of LiFePO4, numerous compounds
belonging to the olivine type AMPO4 (A= Li and Na, M= Fe, Co,
Ni, and Mn) were developed to enhance cathode material
performance.34 While LiFePO4 was extensively studied for its
remarkable cycle life, its practical application was constrained
by the modest voltage platform (∼3.4 V). This limitation
prompted the exploration of LiMnPO4, which offers a higher
operating voltage (4.1 V vs. LiFePO4's 3.45 V) while maintaining
6348 | Chem. Sci., 2026, 17, 6345–6370
comparable stability, resulting in an 20% higher energy density
and theoretical energy density (701 Wh kg−1 vs. 586 Wh kg−1).35

Olivine LiMnPO4 consists of a hexagonal close-packed (hcp)
framework of oxygen with a Pnma space group, where Mn and Li
occupy octahedral sites, and P occupies tetrahedral sites,
respectively.10 In contrast to LiMnPO4, NaMnPO4 exhibits two
distinct phases including olivine and maricite. While the stable
maricite NaMnPO4 phase can be easily synthesized under
ambient conditions, it is electrochemically inactive due to the
absence of Na+ diffusion channels in its crystal structure.
Olivine NaMnPO4 consists of zigzag chains of NaO6 octahedra
that share edges, which can serve as a 1D pathway channel for
Na+ diffusion.36 in addition to being less toxic, cost-effective,
and high-energy-density materials, olivine type LiMnPO4 (or
NaMnPO4) possesses exceptional safety characteristics, origi-
nating from the strong P–O covalent bonds in their crystal
structure, which stabilizes the ion extraction/inerstion
processes.37 However, lattice distortion caused by the Jahn–
Teller effect leads to the poor intrinsic electronic conductivity of
olivine materials with 10−10 to 10−14 S cm−1. Besides, the elec-
tron and hole migration barrier of the lithiation/delithiation
process is higher than that of LiFePO4. Metastability of the
MnPO4 phase hinders the delithiation of LiMnPO4, leading to
LiMnPO4/MnPO4 phase mismatch.38

The major challenge of NaMnPO4 is the low specic capacity
and poor electronic conductivity, limiting their application in
SIBs. Compared to NaFePO4, few studies focus on the olivine
NaMnPO4 probably due to its poor electrochemical perfor-
mance in SIBs.35,39 Priyanka reported preparing NaMnPO4 using
manganese acetate as the precursor.40 The as-prepared sample
exhibited excellent performance with an initial capacity
exceeding 100 mAh g−1 at 0.1 C, probably due to the generation
of the carbon source from acetate decomposition, thereby
enhancing the conductivity and porosity of NaMnPO4.

LiFexMn1−xPO4 (0.1 < x< 0.9) is a binary olivine material
between LiMnPO4 and LiFePO4, that combines the advantages
of LiFePO4 and LiMnPO4. For example, Fe2+ doping can reduce
electrochemical polarization and enhance electrode redox
reversibility and ion shuttling and diffusivity capability. Mean-
while, energy density and thermal stability can be tailored by
adjusting Mn content. In 1997, Mn doped LiFePO4 (ref. 41) was
rst reported to present a dual-voltage platform (3.5 V of Fe3+/
Fe2+ and 4.1 V of Mn3+/Mn2+) by increasing the content of Mn.
The superexchange effect of Fe3+–O–Mn2+ reduces the redox
potential of Mn3+/Mn2+ from 4.3 V to 4.1 V, broadening the
voltage window of LiFePO4 to improve the energy density.
Whereaer, Yamada42 reported that excessive Mn doping (x <
0.5) might lead to Jahn–Teller distortion of Mn3+ and reduce the
cycling stability. Delacourt43 discovered through in situ XRD that
Mn doping inhibits the decomposition of LiFePO4 at high
temperatures. The Mn–O bond (∼402 kJ mol−1) is stronger than
the Fe–O bond (∼372 kJ mol−1); an appropriate amount of Mn
(x ∼ 0.7–0.8) can enhance lattice stability, inhibit high-
temperature phase transformation, and signicantly improve
the thermal stability of LiFePO4. Meanwhile, the Mn3+/Mn2+

redox pair is more stable than Fe3+/Fe2+ at high temperatures,
reducing the accumulation of Fe3+ and thereby suppressing the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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risk of oxygen release. In addition, challenges such as low
electronic conductivity, poor rate performance, and Mn disso-
lution of LiFexMn1−xPO4 can be further modied by optimized
preparation methods and the carbon coating strategy.37,44 To
address the issue of poor electrical conductivity, Liu synthesized
carbon-coated LiMn0.5Fe0.5PO4/C by the high-energy ball-
milling-assisted sol–gel method.45 The as-prepared sample
exhibited an initial discharge capacity of 128.6 mAh g−1 and
promising capacity retention of 93.5% aer 100 cycles at 1 C.
Similarly, Luo et al. developed LiMn0.8Fe0.2PO4/C nanocrystals
via a solvothermal method.46 By tuning the pH value and
precursor ions, the sample showed a poor Mn dissolution rate
and a good electrochemical performance with a capacity of
134.6 mAh g−1 and capacity retention of 96.03% aer 200 cycles
at 1 C, with low charge transfer resistance and an excellent
diffusion coefficient.

2.1.4 Other Mn-based cathode materials. Other Mn-based
cathode materials such as Li6MnO4 (ref. 47) serve as a good
LRM cathode candidate with a high theoretical capacity of 1001
mAh g−1. Lee discovered the electrochemical activity of Li1.211-
Mo0.467Cr0.3O2 and found that the double-redox structure in Li-
rich materials has the advantage of higher theoretical specic
capacity (>250 mAh g−1);48 research on double-redox
compounds mainly focuses on Li-rich materials, such as Li2-
Mn2/3Nb1/3O2F and Li2Mn1/2Ti1/2O2F which can deliver capac-
ities of 304 mAh g−1 and 321 mAh g−1 under cycling between
1.5 V and 5.0 V at 20 mA g−1, respectively.49 On the other hand,
Na-rich Mn-based materials, such as pyrophosphate NaxMnP2-
O7 are also stable SIB cathode materials, consisting of MnO6

sites and P2O7 groups, which forms a framework with Na ions to
allow Na ions to diffuse. Liu studied the use of
Na2Mn3−xFex(P2O7)2 as the SIB cathode, and the results showed
that the diffusion coefficient of Na ions increased by two orders
of magnitude, and the capacity was approximately 86 mAh
g−1.50 Mn-based NASICON-type Na4VMn(PO4)3 is also consid-
ered as one of the viable candidates for Mn-based phosphate
cathodes. However, the slow kinetics and negative structural
degradation still limit their utilization in SIBs. To address these
challenges, Xu developed an Na4V0.8Al0.2Mn(PO4)3 cathode,51

which showed good Na+ kinetics and structural stability. The
discharge capacity is 84 mAh g−1 and the capacity retention rate
is 92% aer 1000 cycles at 5 C. To further advance the devel-
opment of Mn-based cathodes, combining high-throughput
theoretical calculations and Mn–O phase diagrams will play
an important role in exploring the structure and evaluating the
properties of new Mn-based materials, especially LRM oxides
with metastable structures and high capacities.

To facilitate a rapid comparison of the structural character-
istics and electrochemical performances of the materials di-
scussed above, a comprehensive summary is provided in Table
1. Despite the distinct advantages summarized in Table 1, such
as the high capacity of Li-rich oxides and the fast kinetics of
tunnel-type structures, Mn-based cathodes still face several
critical bottlenecks that hinder their practical application.
These limitations, including severe capacity fading, voltage
decay, and Mn dissolution, are intrinsically linked to their
crystal structures and electrochemical mechanisms. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
following section (Section 2.2) will delve into the fundamental
challenges associated with Mn-based cathode materials.
2.2 Challenges associated with Mn-based cathode materials

Due to the large ionic radius, special electronic conguration
and redox properties of manganese, the application of Mn-
based materials as cathode materials for LIBs/SIBs is usually
accompanied by several critical issues, including the Jahn–
Teller effect, Mn and TM ion dissolution, oxygen release at high
voltage, and air instability of layered oxides.

2.2.1 Jahn–Teller effect. The Jahn–Teller effect of Mn is
recognized as one of the biggest challenges in Mn-based
cathode materials for LIBs/SIBs. In 1937, H.A. Jahn and E.
Teller rst proposed that a non-linear molecule system in
a degenerate energy state shows lower stability when the nuclei
are in a symmetrical conguration.52 The system undergoes
spontaneous symmetry breaking to eliminate its degeneracy,
resulting in a stabilized conguration with reduced energy.

When the high-spin Mn3+ cation (t2g
3e1g) is located at the

center of the MnO6 octahedron, a single eg electron occupies the
eg orbital (e1g), resulting in the asymmetric occupation of the eg
orbital. As a result, the entire d orbital becomes incompatible
with the Oh symmetry of the regular octahedron, resulting in the
distortion of the Mn–O bond and the reduction of the symmetry
of MnO6 from Oh to D4h (Fig. 3a). In contrast, Mn2+ and Mn4+

congurations maintain symmetric electron occupation states
of eg orbitals. Therefore, only high-spin Mn3+ exhibits Jahn–
Teller activity, unlike the symmetric conguration high-spin
Mn2+ and Mn4+. Compared to other TM cations, Co and Ni
are typically Jahn–Teller inactive, which can be attributed to the
jagged Jahn–Teller ordering of the TMO2 plate along the elon-
gated axis or the absence of electrons in orbitals. The strong
Jahn–Teller effect caused by the high spin Mn3+ present in Mn-
based materials reduces the stability of its electronic structure,
leading to spontaneous structural distortion and dispropor-
tionation reactions. At the same time, the Jahn–Teller effect
induces Mn dissolution and oxygen release, ultimately reducing
its specic capacity and cycling stability. In recent years,
researchers found that introducing different ligands to
construct low-spin Mn3+ complexes, along with customizing the
redox valence state of Mn effectively mitigates the Jahn–Teller
distortions, enhancing the stability of Mn-based materials. It
has been proved that microstructure design also can suppress
the Jahn–Teller effects. Interface orbital sorting, vertical inter-
facial orbital sorting of the dz2 orbitals of spinels, and layered
crystal domains may destroy long-range orbital sorting, thereby
signicantly reducing the Jahn–Teller effect. It is generally
believed that the Mn3+ disproportionation reaction caused by
the Jahn–Teller effect mainly leads to Mn dissolution and the
main dissolved ions are found to be Mn2+ species. In addition,
the electrochemical cycling, and protonation process also cause
Mn dissolution, which can be accelerated by high temperature
and surface area exposure.

A further issue triggered by the Jahn–Teller effect is oxygen
release. Oxygen atoms can easily escape from the crystal lattice
of manganese-based cathode materials, causing structural
Chem. Sci., 2026, 17, 6345–6370 | 6349
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Table 1 Comparative summary of key properties of typical Mn-based cathode materials for LIBs and SIBs

Material type Crystal structure Battery system Key performance indicators
Typical modication
strategies

LiMnO2 Monoclinic layered,
O3 stacking

LIBs Theoretical capacity:
285 mAh g−1; a
ctual capacity (∼0.1 C): ∼
150–180 mAh g−1; p
oor cycling stability due
to structural distortion

Increasing the Li/Mn ratio
to form Li2MnO3; cation
doping
(e.g., Al3+ and Co3+) to
suppress
Jahn–Teller distortion

Li-rich Mn-based
layered oxides
(LLOs)

Layered “composite
structure”,
O3 stacking

LIBs Theoretical capacity:
>300 mAh g−1; a
ctual capacity (∼0.1 C):
>250 mAh g−1; d
ual voltage plateaus
(∼3.2 V and ∼4.5 V); v
oltage decay and irreversible
oxygen release

Cation doping (Ni2+ and
Co2+); o
xygen redox regulation; i
nterface engineering
(surface coating with Al2O3)

Spinel LiMn2O4 Spinel framework
(Fd-3m space group)

LIBs Theoretical capacity:
148 mAh g−1; a
ctual capacity (∼0.1 C): ∼
120–130 mAh g−1; m
oderate rate capability; c
apacity fading at elevated
temperatures

Surface coating (carbon and
LiNiPO4); p
artial substitution of Mn
(e.g., LiMn1.5Ni0.5O4)

Layered NaxMnO2

(O3 phase)
Layered, ABCABC
oxygen stacking,
Na+ at octahedral
sites

SIBs Theoretical capacity:
243 mAh g−1; a
ctual capacity (∼0.1 C): ∼
180–200 mAh g−1; p
oor cycling stability due
to phase transition

Phase regulation
(conversion to the P2
phase); surface modication
with a
carbon layer

Layered NaxMnO2

(P2 phase)
Layered, ABBA oxygen
stacking, Na+

at triangular
prism sites

SIBs Theoretical capacity: ∼
200 mAh g−1; a
ctual capacity (∼0.1 C): ∼
160–180 mAh g−1; b
etter structural stability
than the O3 phase

Cation doping (Mg2+ and
Zn2+); e
lectrolyte optimization to
reduce side reactions

Tunnel-type
Na0.44MnO2

Orthorhombic, 3 × 3
tunnel framework
(S-type/P-type tunnels)

SIBs Theoretical capacity:
121 mAh g−1; a
ctual capacity (∼0.1 C): ∼
115–120 mAh g−1; r
ate capability (∼10 C): ∼
75 mAh g−1 (62.5%
retention); d
ual voltage plateaus
(∼3.2 V and ∼4.0 V)

Bulk doping (e.g., Ti4+ and
Fe3+); s
urface coating (NaTi2(PO4)3
and carbon layer); n
anostructure design
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degradation, especially under additional stimuli such as
thermal runaway and collisions. The release of highly oxidizing
oxygen species degrades the electrolyte components and dete-
riorates the cathode electrolyte interface (CEI), thereby accel-
erating the structural degradation of the cathode material. In
addition, the released oxygen forms O2 gas or oxidizes the
electrolyte to form CO2, causing battery expansion and failure.
These exothermic processes can trigger thermal runaway, which
further accumulate oxygen release and structural degradation,
leading to serious safety issues. For spinel LiMn2O4, it
undergoes a disproportionation reaction from Mn3+ to Mn2+

and Mn4+ at high voltage charging, which is normally accom-
panied by an irreversible phase change to produce electro-
chemically inactive Mn3O4 and Li4Mn5O12. The existence of the
6350 | Chem. Sci., 2026, 17, 6345–6370
Mn3O4 phase will lead to the formation of soluble Mn2+ ions
and the release of oxygen.53

During the discharge process, a large number of defects in
the interface aer the TM dissolves lead to uneven diffusion of
Li ions, triggering the generation of Li2Mn2O4. During this
phase change process, the unit cell volume of the material
increases irreversibly, which results in accelerating the disso-
lution of the TM. For Mn-LLO, Cao reported that in Li1.2Ni0.13-
Co0.13Mn0.54O2, during low-rate cycling, gradient TM
dissolution destroyed the mechanical integrity of the secondary
particles, causing the internal TMs to dissolve gradually.54

Simultaneously, irreversible layered-to-spinel phase trans-
formation occurs and then leads to the decay of capacity and
average voltage. During high-rate cycling, TM dissolution
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic diagram of the Jahn–Teller effect. (b) Two major
redox reaction pathways involved in Na dissolution.
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primarily occurs at the particle surface, inducing a layered to
rock-salt phase transition, which ultimately causes more severe
capacity decay than that observed under low-rate cycling
conditions.

2.2.2 Structural instability in moist air. The high reactivity
of Mn-based materials with CO2 and H2O in the external envi-
ronment, forming Li-containing surface compounds, poses an
additional major challenge. The highly oxidizing TM ions would
catalyze electrolyte decomposition in the charging state, which
will accelerate the electrolyte consumption and generate a thick
solid electrolyte interface layer on the electrode material
surface. To obtain ordered layered Mn-based materials, exces-
sive Li sources are oen added during the preparation of mixed
Li sintering, which leads to the existence of Li residues on the
surface of the materials. The residue would react with H2O and
CO2 in air to generate Li2CO3 and LiOH. In particular, due to the
nature of the layered structure with large Na-ions, both CO2 and
moisture can lead to deterioration of cathode materials even
aer a few hours of exposure to air which leads to a loss of
structural and chemical integrity. Critical issues such as
degradation caused by humid environments pose great chal-
lenges to the long-term storage and practical application of
SIBs.

During the degradation process caused by air contact, alka-
line and hygroscopic compounds such as sodium hydroxide,
sodium carbonate, and sodium bicarbonate55 are formed on the
particle surface by the reaction of lattice Na+ and CO2 in air, and
the formation water molecules is accelerated through Na+/H+
© 2026 The Author(s). Published by the Royal Society of Chemistry
exchange. The Na+ is dissolved from the crystal lattice, ulti-
mately leading to the formation of a hydrated phase or struc-
tural transformation. In addition, the formation of alkaline
compounds can also cause particle aggregation, affecting the
uniformity of the slurry during electrode preparation. The
residual alkaline compounds on the particle surface increase
the resistance of the cathode material and hinder the diffusion
of Na+ and electrons. In addition, studies have shown that
sodium carbonate electrochemically decomposes at around
∼4 V and releases CO2 gas, further reducing the stability of the
electrode. Two major redox reaction pathways involved in Na
dissolution have been summarized, as shown in Fig. 3b. (1)
Oxygen in air converts Mn3+ to Mn4+, resulting in further loss of
Na+ to balance the charge, thus forming more Na-decient
materials. (2) Na oxide is formed as an intermediate to main-
tain charge balance. In both reaction pathways, NaxTMO2

exhibits reducing behavior due to its low open-circuit voltage
(OCV), which is thermodynamically favorable for initiating
redox processes under ambient storage conditions.

By leveraging theoretical calculations to direct the doping or
coating design strategies for layered oxides, there is a promising
prospect of augmenting their stability in humid air, bolstering
safety levels, and preserving the battery cycling performance. To
understand the degradation mechanism of O3 layered oxides in
ambient air, Li calculated the rst-principles reaction energy
through density functional theory (DFT) based on the model
structure of O3 with the chemical formula NaCo1−xMxO2,56

where M represents a commonly used dopant, one of the 15
metals, namely Li, Mg, Al, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Zr, and Nb. To have a better understanding of the correlation,
two structural properties, V (unit cell volume of the doped
structure), and dOH (O–H bond length of the inserted H2O
molecule) were combined to generate a new descriptor, dOH

2/V,
successfully evaluating the air stability of each doped material.
Elements such as Al, Li, Cu, Fe, and Mg, are oen called effec-
tive dopants for improving air stability, while Mn-based mate-
rials are less stable and expensive dopants such as Nb and Zr are
even worse, and Ca and Ti are less efficient dopants.
Fig. 4 Representative modification strategies for Mn-based materials.
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Hydrophobic coating treatments can be used to repel water and
moisture and direct contact with air or moisture can be pre-
vented by applying a physical protective layer (such as metal
oxide or phosphate). Both coating designs mitigate the degra-
dation of cathode materials in air.
3 Optimization strategies for Mn-
based cathode materials

With high specic discharge capacity and energy density,
manganese-based cathode materials show huge application
prospects. However, several intrinsic drawbacks signicantly
impede their practical implementation, such as low initial
coulomb efficiency (ICE), poor rate performance, serious
voltage dropping, and gas generation during charge and
discharge cycling, which seriously affect the commercial appli-
cation of Mn-based materials in LIBs or SIBs. To tackle the
above-mentioned challenges, various modication strategies
(Fig. 4) have been proposed to enhance the performance of Mn-
based materials in LIBs/SIBs, such as doping, surface coating,
liquid/gas phase post-treatment, new structural construction,
and electrolyte additive incorporation, among which element
doping and surface coating have been widely adopted as the
most effective approaches.
3.1 Element doping

Elemental doping can improve cathode material performance
by enhancing the charge transfer and the structure stability
through several mechansims: strengthening oxygen binding
energy to mitigate oxygen loss, as well as boosting both ionic
and electronic conductivity. According to the charge properties,
element doping can be divided into cation doping and anion
doping. In terms of the doping sites, they can be roughly
divided into the following three categories: (1) the doping of Li/
Na sites, such as K57,58 and Ti;59 (2) the doping of TM sites, such
as Zr,60,61 Nb,62–66 Ta,67 Al,68,69 Cr,70 Mg71 and Ti;72 (3) the doping
of O sites, such as F49,58,73 and S.74

Since the alkali metal elements K and Li/Na belong to the
same main group, they have similar electronic structures and
electrochemical properties. Na and K were usually used for
doping modication of Mn-based LIBs in the early days. Park75

studied the effect of doping with different Na contents on the
performance of Li1.167−xNaxNi0.18Mn0.548Co0.105O2 (0 $ x $ 0.1)
and found that when x = 0.05, the diffusion coefficient of a Li-
ion increased from 1.35 × 10−9 cm2 s−1 to 3.34 × 10−9 cm2 s−1,
the capacity retention rate increased from 83% to 92%, and the
rate capability was also improved from 189 to 208 mAh g−1 at
a high current density of 1.0 C. Li obtained the sample K+ doped
Li1.2Mn0.54Co0.13Ni0.13O2 using a-MnO2 containing the K
element as the raw material via the in situ synthesis and per-
formed systematic research on the effect of the K element,57 and
found that K+ with a larger radius could reduce the generation
of Li vacancies and migration of manganese, and hinder the
formation of the spinel phase structure. This material pre-
sented good cycling stability with a capacity retention of 85%
(initial capacity of 315 mAh g−1) at a current density of
6352 | Chem. Sci., 2026, 17, 6345–6370
20 mA g−1 aer 110 cycles. Recently, Liu59 reported a Li1.2-
Ti0.26Ni0.18Co0.18Mn0.18O2 cathode material and designed
a structure with Ti4+ ions occupying the Li layer, different from
the conventional TM layer doped with Ti4+ ions. Electron energy
loss spectrum (EELS) analysis indicated that the Ti ions were
successfully doped into the Li layer and TM layer. The potential
dropping of the Li1.2Ti0.26Ni0.18Co0.18Mn0.18O2 material is only
90 mV aer 100 cycles, and the capacity retention of the Li1.2-
Ti0.26Ni0.18Co0.18Mn0.18O2 material is 97% aer 182 cycles. The
enhanced structural stability can be attributed to the strong
ionic Ti–O bonds that strengthen the O–TM(Li)–O slabs and
suppress undesirable structure transformation andmitigate the
migration of TM ions during the delithiation process. Extended
X-ray absorption ne structure (EXAFS) analysis shows that the
peak of the Mn2O bond becomes weaker while charging to
4.43 V, indicating the change in the Mn2O bond length due to
oxygen oxidation when Li is extracted from the TM layer. It is
noted that the EXAFS spectrum of Mn recovers aer di-
scharging. TM element doping into the TM sites also led to
improvement in the electrochemical performance of the Mn-
based cathode materials. It was found that in Li1.2Ni0.16-
Mn0.51Al0.05Co0.08O2 (ref. 68) and trace Mg-doped Li0.2Ni0.13-
Co0.13Mn0.54O2 (ref. 71) materials, the doping of Al and Mg at
the TM site can inhibit the migration of cations and the direc-
tion of the layered structure. The transformation of the spinel
structure contributes to the stability of the layered structure,
reduces the cyclic voltage drop of the material, and improves
the capacity and long-term cycling stability. However, since the
ionic radius and metallicity of Mg are slightly different from
that of Al, Al doping will not affect the change in the oxygen
activation plateau during the rst charge. Compared with Al
doping, the stronger Mg–O bond produced by Mg doping can
shorten this plateau, thereby inhibiting irreversible structural
phase transitions. Zr doping has also been proven to effectively
improve capacity and cycle performance. Wang60 designed a 3%
Zr doping Mn-based LLO cathode material with the chemical
formula Li1.2Mn0.54Co0.13Ni0.13O2 by a sol–gel method, aiming
to address the oxygen-releasing issue during long-term cycling.
High-angle annular dark eld (HAADF) characterization shows
that in the LLO-Zr sample aer cycling, the particles remain
stable and intact and virtually free of cracks and voids, except
a∼2 nm thick spinel structure on the surface. In contrast, many
intragranular voids and a thick layer of spinel and rock salt-like
structures (about 8 nm) were found in the LLO sample, which
was caused by the release of oxygen during the cycling process.
Subsequent EELS spectral analysis further conrmed the
effectiveness of Zr doping inmitigating oxygen loss. The full-cell
test result shows that the long-term cycle performance of LLO-
Zr aer 100 cycles is higher than that of LLO at various
current densities, from 0.2 to 1 C. The capacity of LLO-Zr can
reach 223 mAh g−1 at 1 C, and the capacity retention rate aer
300 cycles is 88%, while the capacity retention rate of LLO is
74%. Electrochemical impedance spectroscopy (EIS) studies
have also conrmed that LLO-Zr has better rate capacity than
LLO. LLO-Zr has lower resistance, which means it has faster
electron and ion migration, indicating the Li+ diffusion kinetics
in LLO-Zr is faster than that in LLO. The above electrochemical
© 2026 The Author(s). Published by the Royal Society of Chemistry
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results indicate that LLO-Zr has superior electrochemical
properties compared to pure LLO, including higher initial
discharge capacity, better rate performance, and long-term
cycling stability. DFT study results show that the oxygen
vacancy formation energy of LLO aer Zr doping increases,
indicating that Zr doping can slow down the oxygen loss during
charge and discharge cycles and enhance the stability of oxygen
in the material. In addition, Zr-doped LLO shows a lower Li ion
migration energy barrier, which is benecial in improving its Li-
ion diffusion performance during battery charging and di-
scharging. Owing to the signicant enhancement of the Zr–O
bond strength, the incorporation of Zr into the LLO lattice
greatly reduces oxygen loss. Similarly, the dissociation energy of
Nb–O is 679 kJ mol−1, greater than that of Mn–O
(481 kJ mol−1).63 Nb doping can also form stable Nb–O bonds to
reduce oxygen loss, thereby enhancing structural stability and
increasing the specic capacity and voltage retention rate. Nb
doping also plays an important role in improving O-type65 and
P-type66 Mn-based cathode materials for SIBs. Nb5+ doping
increases the lattice spacing, reduces the valence state of Mn,
increases the conductivity of the material, stabilizes the layered
structure of the oxide, and effectively inhibits the phase change
process of the layered oxide during charging and discharging
(O3 to P3, and P2 to O2). Substituting the oxygen ions with other
anions is another widely used approach to strength the weak
TM–O bonds. So far, it has been found that anion element (such
as S2− and F−) doping can stabilize the layered structural
framework, mitigate voltage fade, and improve the safety/
cycling stability of Mn-based cathode materials. Co-doping
anions with other metal elements (such as Cd/S,76 K/F,58 Nb/
F,49 and Ti/F49) can combine the advantages of each element in
surface modication, the strategy of which has become
a research hotspot in recent years. Recently, researchers found
that F doping of the O-site is an effective improvement strategy
to improve the rate and cycle performance of LRM materials.
Lee's group49 prepared two disordered-rock-salt LRM cathodes,
Li2Mn2/3Nb1/3O2F and Li2Mn1/2Ti1/2O2F, via a mechanochem-
ical ball-milling method. Energy dispersive spectroscopy (EDS)
was conducted to conrm the uniform dopant distribution of
Nb and F on the cathodes. The prepared cathodes show high
capacity and energy density when cycled between 1.5 V and 5.0 V
at 20 mA g−1, and Li2Mn2/3Nb1/3O2F exhibits a reversible
capacity of 304 mAh g−1 and energy density of 945 Wh kg−1.
Similarly, Li2Mn1/2Ti1/2O2F also yields promising capacity (321
mAh g−1) and energy density (932 Wh kg−1). The metal oxida-
tion and oxygen redox behaviors were conrmed by X-ray
absorption spectroscopy (XAS) analysis. The high-valent cation
(Nb5+ and Ti4+) and F co-doping strategy play a crucial part in
introducing Mn2+/Mn4+ double redox. Furthermore, DFT
studies suggested that, at a given delithiation level, F doping of
the O site is benecial in lowering the Mn oxidation state,
thereby resulting in more redox overlap with O. Within the
Mn2+/Mn4+ redox, structural degradation was achieved to
enhance the electrochemical performance.

Doping modication is a facile strategy that can effectively
improve the electrochemical performance of Mn-based cathode
materials. When low-valent elements are doped at the Li or Na
© 2026 The Author(s). Published by the Royal Society of Chemistry
positions, the interlayer distance of Li can be increased, facili-
tating the deintercalation of Li ions. In contrast, doping high-
valent elements at these positions serves to reinforce the Mn–
O bond and hinder the conversion of the layered structure into
the spinel phase. Cation doping at TM sites is effective in aug-
menting the bonding energy between the dopant and oxygen,
curbing oxygen loss and thus stabilizing the material structure.
Moreover, anion doping at the O site plays a signicant role in
reducing the loss of lattice oxygen and diminishing the internal
resistance of the material.
3.2 Surface coating

Surface coating is a widely used modifying approach to
construct a uniform functional layer on the active material
surface that can avoid direct contact with the electrolyte,
thereby improving conductivity and hydrophobicity and inhib-
iting the continued growth of the CEI during cycling, enhancing
cycle stability and ensuring good rate performance. To date, ball
milling, the sol–gel method, the solvothermal method, chem-
ical vapor deposition (CVD) and atomic layer deposition (ALD)
technologies have been reported in the research on modica-
tion of Mn-based cathode materials for ultra-thin, uniform, and
strong coatings.77

Compared to the wet chemical methods along with the
complex nucleation and growth processes, ALD is a highly
reliable method that can achieve continuous deposition of
uniform coatings with sub-nanometer thickness accuracy on
material substrates and effectively prevent various side reac-
tions. The approach is responsive and easy to scale to meet
growing demands. It is also possible to create highly control-
lable composite coatings by alternating different precursors.
Metal oxides (such as Al2O3,78–80 MgO,81 ZnO,82 CeO2 (ref. 83) and
TiO2 (ref. 84)), carbonmaterials,85,86 phosphates (Li3PO4 (ref. 87)
and AlPO4 (ref. 88)), AlF3 (ref. 89) polymers,90 and fast ionic
conductors(Li2TiO3,91 La0.8Sr0.2MnO3−y

92 and Li2ZrO3 (ref. 93))
have been widely used as the surface coating materials. Among
metal oxides, Al2O3-coated Mn-based cathodes exhibit superior
cycle stability, leading to their widespread adoption in Mn-
based electrode materials for LIBs and SIBs. Al2O3 is usually
coated on the surface of the material using the ALD approach.
Al2O3 surface modication plays an important role in inhibiting
CEI reactions, side reactions between the cathode and the
electrolyte during battery cycling, and layered-to-spinel phase
transformation, which has been widely utilized in the prepa-
ration of high-performance and long-cycling stability LIBs.94–96

Deng88 found that AlPO4 coating is expected to improve the
reliability and electrochemical performance of spinel LiNi0.5-
Mn1.5O4 cathodes at high voltages compared with Al2O3 coating.
The discharging capacity of AlPO4-coated sample shows an
improved performance with the C rate increasing from 0.1 C to
5.0 C and then back to 0.1 C with higher capacity and excellent
reversibility. In addition, the electrode maintained a long and
stable cycle life aer 350 cycles, with a high reversible capacity
of 75.3 mAh g−1 and a capacity retention rate as high as 74.9%.
The capacity fade per cycle is only 0.07 mAh g−1. However, the
capacity decay of pristine is 0.18 mAh g−1 per cycle, which is 2.6
Chem. Sci., 2026, 17, 6345–6370 | 6353
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Fig. 5 The working mechanism of the electrolyte additives.
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times higher than that of the AlPO4-coated sample. X-ray
absorption near-edge structure (XANES) spectroscopy research
further conrmed that AlPO4 coating can maintain the same
Mn4+ (MnO2) characteristics, indicating that the ALD coating
process does not change the valence state of Mn on the
LiNi0.5Mn1.5O4 surface. Aer charge–discharge cycles, the pris-
tine sample shows a high proportion of Mn2+ peaks, indicating
that the surface structure has been destroyed aer cycling. In
contrast, the AlPO4-coated sample still mainly maintains Mn4+

characteristics aer cycling, which means that the ALD coating
effectively suppresses the precipitation of Mn2+. Aer cycling,
the element Mn may be dissolved and the structure of the
pristine sample is destroyed without any surface protection.
Vanaphuti89 synthesized a Mn-LLO via a wet chemical method
and then coated AlF3 by the ALD technique to prepare an
Na0.05Li1.15Mn0.54Ni0.13Co0.13F0.01O1.99 cathode. Scanning
transmission electron microscopy (STEM)-EDS depicted the
presence of AlF3 coatings with 250 nm thickness and the
element distribution from the surface to the bulk. For rate
performance, the 1.0 wt% AlF3 coating provides an additional
capacity of ∼5 mAh g−1 at high rates, which is higher than that
of pristine and co-doping samples. Compared with uncoated
and over-coated materials, 1 wt% AlF3 is the optimal coating
amount, which exhibits better cycle stability and a smaller
voltage drop. In contrast, over-coating thickness will increase
the resistivity of ion transport. For cycling stability, aer 150
cycles at 0.5 C, the sample with 1.0 wt% AlF3 coating is signif-
icantly improved compared to the other sample. Further spec-
tral characterization indicated that the coating mainly affects
the Co distribution and allows Co to accumulate on the particle
surface and form Lix(CoAl)Oy, which is more stable than
LiTMO2 and LiAlO2 compounds and does not undergo Li and O
migration, thus leading to excellent cycling retention ability.

Carbon coating is a commonly used strategy in Mn-based
cathode materials with the following advantages. (1) Uniform
carbon coating can prevent particle growth and inhibit particle
agglomeration, thereby reducing the Li+ transmission distance
and improving ionic conductivity. (2) A carbon coating can be
treated as a protective layer and reducing agent to prevent Mn
dissolution and inhibit the oxidation of Fe. (3) The carbon
coating provides a pathway for electron transmission, which
can tailor the surface between particles and electrolytes, and
then improve electronic conductivity. The conductivity of the
sample cannot be maximized with too low carbon content. In
contrast, the tap density of the material will be reduced while
the carbon content is too high. At the same time, an excessively
thick carbon layer will affect the penetration of Li+ and reduce
the conductivity of the sample. Therefore, it is required to
balance the conductivity and tap density by tailoring the
thickness of the carbon coating layer. Li85 synthesized
LiMn0.6Fe0.4PO4/carbon aerogel microspheres. Microspheres
with a three-dimensional porous conductive network possess
an excellent electronic conductivity of 8.5 × 10−2 S m−1. Using
a carbon aerogel as a carbon coating can overcome the draw-
back of low tap density in traditional carbon coating processes.
The electrochemical results indicated that LiMn0.6Fe0.4PO4 with
a 10% carbon aerogel exhibits a superior electrochemical
6354 | Chem. Sci., 2026, 17, 6345–6370
performance, with a 0.2 C discharge capacity of 159.1 mAh g−1

aer 500 cycles and a 1 C rate capacity retention of 96.9%. In
addition, the large specic surface area of the carbon coating
will promote the side reactions between the electrolyte and the
particles and induce the dissolution of Mn3+. Therefore, highly
graphitized carbon sources such as graphene and carbon
nanotubes are commonly used in carbon coating strategies.
Furthermore, a carbon material doped with heteroatoms such
as N86 and F97 as coating materials can effectively promote
surface modication. N-functionalized carbon materials have
been reported to effectively improve the charge transfer reaction
kinetics and inhibit oxygen release to stabilize the cycling
performance. The N-doped graphene-coated Li1.2Mn0.6Ni0.2O2

cathode material exhibits a high specic capacity of 286 mAh
g−1 at 0.2 C and maintains a capacity retention rate of 86% aer
200 cycles, exhibiting slight voltage decay and high capacity
retention.86 The excellent electrochemical performance is
attributed to the porous structure with high conductivity and
the N-functional groups (pyridine and pyrrole), which reduces
polarization and suppresses electrolyte decomposition, respec-
tively. Surface modication of F-doped carbon in LLO forms
strong Mn–F bonds,97 which leads to the strong electronic
coupling between LLO and the carbon coating, thereby
enhancing the structural stability and electrochemical
performance.

In addition, certain double-layer coating materials, such as
Al2O3/AlPO4,98 can effectively promote electronic conduction
and ion conduction, and inhibit the formation of the CEI layer,
thereby improving cycle stability. However, they typically exhibit
inferior rate capability compared with single layer coatings.
Although surface coatings can partially improve the electro-
chemical performance of Li-rich Mn-based materials, most fail
to fundamentally suppress the structural degradation. In
contrast, fast ion conductor coatings not only improve the
diffusion rate of Li+ and the stability of the material, but also
address the structural transformation issue. For instance,
La0.8Sr0.2MnO3−y signicantly enhances the electrochemical
properties of LRM materials while effectively mitigating struc-
tural transformation at its root. Hu92 reported a La0.8Sr0.2-
MnO3−y (LSM) coated Li1.2Ni0.13Co0.13Mn0.54O2 (LM) material.
The LSM coating forms a heterostructure with the LLO block,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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forming strong Mn–O–M bonds which can suppress oxygen
release during charging. Consequently, the formation of defects
and nanopores, which degrade electrochemical performance, is
effectively prevented. Similar to other coatings, X-ray photo-
electron spectroscopy (XPS) analysis indicated that, compared
with pristine samples, LSM-coated samples have a higher level
of oxygen surface redox reactions, thus suppressing voltage
fading. The LSM-coating inhibits the surface electrolyte
decomposition and reduces the Mn valence state and mitigates
Mn dissolution, thereby preventing the layered-to-spinel
transformation.

Coatings prepared through various deposition methods
show their unique effects in suppressing Mn dissolution and
suppressing oxygen release of Mn-based cathode materials.
These variations primarily stem from differences in the coating
structure and properties, which are intrinsically linked to three
key factors: thickness, uniformity, and synthesis process
parameters. Given the signicant inuence of these factors on
coating performance, further optimization and precise control
of deposition techniques remain critical for practical
applications.
3.3 Electrolyte additives

The optimization of the electrolyte formulation is crucial for
improving cathode performance, among which the use of
electrolyte additives represents the most feasible strategy to
enhance the electrochemical stability of Mn-based cathode
materials. These additives can form protection layers on the
electrode surface or modify the electrolyte properties, thereby
optimizing the overall electrochemical environment.99 The
function of the electrolyte additives is to form a protective lm,
enhance the interface performance and suppress the dissolu-
tion of Mn, and their workingmechanism is illustrated in Fig. 5.
During cycling, the in situ formation of a dense protective lm
derived from electrolyte additives effectively passivates the Mn-
based cathode surface.100 This protective lm inhibits electro-
lyte decomposition by blocking solvent penetration and Li+/Na+-
induced side reactions, thereby stabilizing the electrode–elec-
trolyte interface. Furthermore, additives enhance the Mn-based
cathode/electrolyte interface stability by lowering interfacial
resistance to accelerate Li+/Na+ kinetics, mitigating charge
accumulation and polarization.101 This dual effect improves
cycling reversibility and overall electrochemical stability. Addi-
tionally, Mn-based cathode materials experience manganese
ion dissolution during battery cycling, which compromises
their structural integrity and electrochemical performance.
Electrolyte additives effectively mitigate this issue through dual
protection mechanisms. They form stable complexes with Mn2+

ions in solution, while generating a protective surface layer that
physically inhibits Mn dissolution.102 These synergistic effects
signicantly enhance both the structural and electrochemical
stability of the cathode material.

By tailoring the additive composition and concentration, one
can achieve improved cycling stability, rate capability, and
coulombic efficiency.103 Adding additives to the electrolyte can
also solve the problems of TM migration and oxygen release
© 2026 The Author(s). Published by the Royal Society of Chemistry
caused by high charging voltage (4.8 V).104 For example, Zheng105

used a phenyl vinyl sulfone additive as a protective agent, which
can form a protective CEI on the surface of the positive electrode
to stabilize battery cycling. Commonly used carbonate electro-
lytes suffer from poor cycling stability due to the release of
oxygen radicals. Many electrolyte additives, such as b-caro-
tene,106 trimethyl phosphate,107 and trimethylsilyl borate108 can
capture and then eliminate the oxygen molecules, thereby
enhancing the cycling stability of the material. Among them,
phosphorus-containing additives can undergo chemical reac-
tions on the surface of cathode materials to form a phosphate
protective lm with good electrical conductivity and stability.109

This strategy not only prevents the side reactions between the
cathode material and the electrolyte, but also improves the
structural stability of the material, thereby enhancing its
electrochemical performance. Adding uorine-containing
additives110 such as LiPF6 and LiBF4 to the electrolyte forms
a protective LiF rich lm on the surface of the Mn-based
cathode material. This protective lm can effectively inhibit
the erosion of the cathode material by the electrolyte, and at the
same time increase the ionic conductivity of the material,
thereby enhancing its electrochemical stability.111 Meanwhile,
nitrogen-containing additives112 such as pyrrole, pyridine and
other nitrogen-containing organic compounds can reduce the
electron cloud density on the surface of Mn-based cathode
materials through coordination with the active sites on the
surface of the materials, thereby inhibiting the structural
changes in the materials during charging and discharging and
improving their electrochemical stability.113

At present, most of the research on the high-voltage perfor-
mance of ether-based electrolytes focuses on functional addi-
tives.114 Introducing functional additives to construct a robust
inorganic component-rich CEI can effectively inhibit the
decomposition of ethers at the interface.115 Some typical addi-
tives, such as sodium diuorophosphate (NaDFP),116 sodium
diuoro-oxalate borate (NaDFOB),117 and uorinated ethylene
carbonate (FEC),118 are included. The solvation structure of
ether-based electrolyte can be optimized by adjusting the Na
salt and solvent.119 Adjusting the concentration and type of Na
salt can reduce the proportion of free ether solvent, thereby
constructing a CEI mainly composed of the decomposition
products of Na salt.120 In addition, the introduction of electron-
withdrawing groups can enhance the solvation structure and
improve the oxidation stability of the electrolyte.121 Although
adding uorine-substituted groups to the ether molecular
structure can enhance oxidation stability,114 this strategy
signicantly increases the cost of the electrolyte and is therefore
not suitable for large-scale application.

In addition to the various side reactions existing in the
electrolyte system that would cause battery degradation, the HF,
a decomposition product of electrolyte will induce the dissolu-
tion of the Mn element as well, resulting in a capacity decrease
of the cathode material. It was found that LiBOB122 and tri-
methylsilyl phosphite123 can be used as additives to eliminate
the decomposition product HF of the electrolyte and improve
the cycle performance of the battery. These ndings highlight
the critical role of additive design in mitigating Mn dissolution
Chem. Sci., 2026, 17, 6345–6370 | 6355
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and offer promising strategies for developing high-performance
Mn-based cathodes in LIBs/SIBs.

3.4 Other strategies

Other modication strategies, including post-surface treat-
ments and bulk structural designs, also signicantly improve
performance and safety. Gas or acid post-treatment has been
extensively employed in structure control or oxygen vacancy
design to promote Li+ diffusion, suppress the voltage drop, and
improve both capacity and rate performance. The researchers
found that surface post-treatment or defect design can help
deactivate surface oxygen, and induce the layered structure
material to transform into a stable spinel structure. For
example, Li1.143Mn0.544Ni0.136Co0.136O2 is treated with a strong
acid H2SO4 solution and then further annealed to prepare
a defect-rich cathode material,124 which effectively reduces the
voltage drop while retaining a high specic discharge capacity
(287 mAh g−1). Surface modication of Li1.144Ni0.136Co0.136-
Mn0.544O2 with CO2 can create a large number of oxygen
vacancies on the surface of the material.125 Oxygen vacancies
stabilize the lattice oxygen within the material structure and
slow down the escape of oxygen, thereby improving ionic and
electronic conductivity. Therefore, the material exhibits a high
initial discharge specic capacity (301 mAh g−1) without
signicant voltage drop.

The combination of bulk gradient design and single crystals
is a strategy that eliminates the need of additional chemical
elements and only changes the proportion of TMs in the
synthesis process of Mn-based material precursors. The
gradient conguration improves the electrochemical stability
and thermal stability of Mn-LLO. In terms of single-crystal
design, it offers multiple advantages, including excellent crys-
tallinity, high mechanical/thermal stability, small surface area,
and high tap density. Therefore, the degradation of single
crystal materials, such as side reactions, cracking, and gas
release, can be signicantly inhibited.77

3.5 Critical comparison of optimization strategies

To provide a systematic understanding of the trade-offs among
the core modication methods discussed above, a critical
comparison of elemental doping, surface coating, and electro-
lyte additives, along with insights into their synergy, is pre-
sented/provided.

Elemental doping serves as a bulk-modication strategy that
fundamentally regulates the crystal structure of Mn-based
cathodes. Its primary advantage lies in addressing intrinsic
structural defects, such as suppressing Jahn–Teller distortion of
Mn3+ in spinel LiMn2O4, alleviating voltage decay of Li-rich
layered oxides by stabilizing oxygen redox, and enhancing
ionic conductivity through lattice engineering. However, this
method typically requires precise control of doping elements,
doping content, and high-temperature sintering processes,
which increases the complexity of industrial production and
may lead to uneven doping distribution if parameters are not
optimized. It is particularly suitable for Mn-based materials
suffering from bulk structural instability, such as layered
6356 | Chem. Sci., 2026, 17, 6345–6370
LiMnO2 and Li-rich oxides, where surface modication alone
cannot resolve deep-seated phase transition issues.

Surface coating, as an interface-modication approach,
forms a physical or chemical barrier between the cathode and
electrolyte, which is highly effective in mitigating interfacial
side reactions, inhibiting Mn dissolution, and preventing direct
contact between active materials and electrolyte. Compared
with elemental doping, it features relatively simple preparation
processes (e.g., sol–gel and wet chemical coating) and mild
reaction conditions. Nevertheless, its limitations are evident: an
excessively thick or poorly ionically conductive coating layer
may introduce high interfacial impedance, reducing the rate
performance of the cathode; moreover, the bonding force
between the coating layer and the active material matrix may be
insufficient, leading to coating peeling during long-term
cycling. This strategy is preferred for high-voltage battery
systems (e.g., LIBs with operating voltage >4.5 V) and SIBs with
aggressive electrolytes, where interfacial stability is the primary
bottleneck.

Electrolyte additives offer a cost-effective and facile optimi-
zation route, as they can be directly incorporated into the
electrolyte without modifying the cathode synthesis process.
Their key advantage is the in situ formation of a high-quality CEI
layer, which improves interfacial compatibility with minimal
additional cost. However, their effect is largely limited to the
electrode–electrolyte interface and cannot address bulk struc-
tural degradation, such as lattice distortion or irreversible
phase transition. Additionally, the efficacy of additives is highly
dependent on electrolyte composition and operating condi-
tions, and excessive additive content may cause side reactions
or reduce electrolyte ionic conductivity. This method is suitable
as an auxiliary optimization strategy for cost-sensitive applica-
tions (e.g., large-scale energy storage SIBs) or as a complement
to bulk modication to further enhance interfacial stability.

In summary, these advanced strategies are essential for
unlocking the full potential of Mn-based cathodes in next-
generation energy storage systems. Element doping and
surface coating, due to their simplicity and demonstrated
effectiveness, remain the most widely explored methods, but
their inherent limitations highlight the necessity of synergistic
combinations (e.g., bulk doping coupled with surface coating)
to simultaneously address bulk structural instability and
interfacial issues. Future research should focus on such inte-
grated strategies, while also advancing the practicality of
emerging methods like single-crystal synthesis, to further
optimize the comprehensive performance of Mn-based
cathodes.

4 Mechanism investigation
4.1 Characterization techniques

Despite signicant advancements in Mn-based materials over
the recent decades, their practical implementation in LIBs and
SIBs remains hindered by persistent challenges, including the
Jahn–Teller effect, Mn dissolution, oxygen release, and struc-
tural instability under ambient humidity. With the help of
advanced characterization techniques, a comprehensive and in-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) In situ synchrotron XRD during the initial charge–discharge
cycle of Al-doped Na0.67MnO2. Reprinted with permission.128 Copy-
right 2019 Wiley-VCH. (b) STEM-EELS mapping of the Li1.2Ni0.15-
Co0.1Mn0.55O2 sample with an exposed pore. Reprinted with
permission.135 Copyright 2018 Springer Nature. (c) DOS for the
selected potential doping species. Reprinted with permission.142

Copyright 2019 Wiley-VCH.
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depth understanding of the relationship between the electro-
chemical properties, structure, morphology, and composition
of electrode materials can be established, enabling systematic
evaluation ohe effectiveness of modication strategies. In this
section, we outline an overview of the advanced ex situ and in
situ/operando characterization techniques used in the research
of Mn-based materials during recent years.

Crystal structure analysis includes X-ray powder diffraction
(XRD), neutron powder diffraction (NPD), and synchrotron X-
ray diffraction (SXRD). XRD technology is based on a combina-
tion of Bragg reection analysis and Rietveld renement that
can analyze the space groups, crystallinity, and oxygen vacan-
cies of the material. NPD scattering technology has higher
sensitivity to light elements (such as H, Li, and Na) that can
effectively distinguish neighboring transition elements.126

Therefore, NPD is oen used as a supplement to XRD tech-
nology. SXRD based on high-energy X-rays demonstrates
multiple advantages such as strong signal intensity, deep
penetration, and short test time. Yabuuchi127 synthesized the
P2–Na2/3Fe1/2Mn1/2O2 and O3–NaFe1/2Mn1/2O2 materials as
cathodes for SIBs. SXRD was utilized to conrm the single phase
of P2–Na2/3Fe1/2Mn1/2O2 and O3–NaFe1/2Mn1/2O2. The two
samples have different layered structures, with a hexagonal
lattice with space group P63/mmc, and a rhombohedral lattice
with space group R3m, respectively. Unlike XRD, pair distribu-
tion function (PDF) technology can directly obtain the inter-
atomic distance inside the material, making it suitable for
crystalline and amorphous materials. In situ or operando XRD
characterization can be used to record the structural evolution
to provide more reliable results. Liu128 utilized the in situ
synchrotron XRD characterization to track the P2 and P20 phase
transitions of Al-doped Na0.67MnO2 in the initial cycle, as shown
in Fig. 6a. It was found that the Al-doped Na0.67MnO2 electrode
© 2026 The Author(s). Published by the Royal Society of Chemistry
exhibited a mild structural evolution compared with pristine
Na0.67MnO2. The P2 phase remains unchanged throughout the
charging process; during the discharge process, the (110) peak
of the P2 phase disappears, and the (110) peak of the P20 phase
gradually appears.

X-ray PDF analysis compensates for the limited sensitivity of
conventional XRD, enabling direct conrmation of TM migra-
tion from the TMO2 layers to the interlayer space in Mn-rich
NaxTMO2 materials under high-pressure conditions.129 Beyond
diffraction-based methods, when it comes to characterizing the
microstructure and morphology, solid-state nuclear magnetic
resonance (ss-NMR) spectroscopy offers distinct advantages as
a non-destructive quantitative technique. Regarding micro-
structure and morphology-related techniques, ss-NMR spec-
troscopy is a non-destructive quantitative technique that is
highly sensitive to the physical and chemical state of materials.
It provides information such as the diffusion and migration of
atoms or ions, offering mechanistic understanding of the rela-
tionship between the structural evolution and electrochemical
performance of materials. ss-NMR enables investigation of the
local distortion in the electronic structure and the P2–P20 phase
transitions in Mn-rich layered NaxTMO2 materials. Liu128 con-
ducted the ss-NMR characterization to study the local Na+

environment of Al3+ doped P2–Na0.67MnO2 and pristine mate-
rials. Two unique signals are observed in the spectrum, where
the sharp signal is located at 835 ppm and the broad signal is
located at 1162 ppm, indicating that pristine materials are
dominated by the P20 phase. As the Al3+ doping content
increases, the signal intensity of the P20 phase decreases, which
indicates that Al3+ doping favors the movement of Na+ and
reduces the Mn3+ Jahn–Teller center.

Raman spectroscopy is based on the inelastic scattering of
photons caused by vibrations in the molecular structure.130

Analyzing the peak shis, intensities, and widths in a Raman
spectrum can provide comprehensive insights into the local
atomic environment and local structural ordering degree of
materials. Due to the relatively weak signal, Raman spectros-
copy is generally considered a bulk characterization technique.
Compared with Raman spectroscopy, Fourier transform
infrared (FTIR) spectroscopy has higher sensitivity and
enhanced signal intensity, making it particularly effective for
surface-sensitive analysis. This technique has proven highly
valuable in assessing the humid air stability of Mn-based
materials,131,132 making great progress in monitoring electro-
lyte reduction, electrode degradation and formation of new
species. In situ Raman spectroscopy has a high sensitivity to
microstructural changes, enabling precise characterization of
the oxygen-related redox process. Therefore, it can be well used
to study phase transitions and the structural evolution during
battery cycling, and widely applied in tracking the oxygen redox
process in Mn-rich NaxTMO2 and Mn-LLO cathode materials.
With the help of in situ Raman spectroscopy, the observation of
real peroxo O–O bonds provides new evidence for reversible
anionic redox chemistry in LRM cathode materials. For
instance, Li133 observed distinct variations in the peroxo O–O
bond characteristics (length and vibrational position) between
Li2O2 and H2O2 during charge/discharge cycling of
Chem. Sci., 2026, 17, 6345–6370 | 6357
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Li1.2Ni0.2Mn0.6O2. The observed peroxo O–O bond shortening
during charging at the 4.5 V plateau quantitatively matches DFT
predictions, validating the proposed coupling between Li/TM-
layer delithiation/lithiation and peroxo bond formation/
breaking as a unied redox mechanism. Differential electro-
chemical mass spectrometry (DEMS) can capture gas products
during electrochemical cycling, making it possible to assist
Raman spectroscopy technology to study reversible redox reac-
tions, the formation of superoxide species, and the release of
gaseous oxygen. The electrochemical behaviors and side reac-
tions in moist air of Mn-based layered oxides in different elec-
trolytes are revealed.134

SEM and TEM are the most traditional characterization
techniques in the battery research area. With the upgrading of
these two characterization techniques, especially the develop-
ment of aberration correction technology, the resolution and
detection sensitivity have improved. High-resolution trans-
mission electron microscopy (HRTEM) and spherical
aberration-corrected transmission electron microscopy are
powerful technologies for obtaining high-resolution and even
atomic-level structural information. In particular, when
combined with selected area electron diffraction (SAED) and
fast Fourier transform (FFT), more crystallographic information
and structural evolution can be obtained. STEM combines the
principles of SEM and TEM, becoming a mainstream tech-
nology for studying the structure, chemistry, and electronic
state of electrode materials. HAADF and annular bright eld
(ABF) are two imaging modes used for capturing incoherent
high-resolution Z-contrast images. EELS is a technique used to
study the elemental composition, chemical bonds, oxidation
state, and valence state of electrode materials. It can usually be
coupled with STEM to obtain atomic-level structure and elec-
tronic information of electrodematerials. In 2018, Hu135 studied
the Li1.2Ni0.15Co0.1Mn0.55O2 electrode and found a large number
of pores surrounded by Mn2+ thin shells. To further elucidate
the source of these pores, STEM-EELS characterization was
conducted, and it was found that with the exposition of the
entire pore surface, a thick layer of a spinel/rock-salt structure
phase was formed through the interaction between the pore
surface and the electrolyte, as shown in Fig. 6b. Oxygen release
in LMR materials reduces the average valence state of TM
cations and causes microstructural defects, such as the forma-
tion of macropores within the particles, nally leading to
voltage fade.

XPS is also a commonly used surface-sensitive technique.
Since the binding energy of electrons depends on the atomic
orbitals occupied by the electrons and the chemical environ-
ment of the atoms, XPS uses characteristic photoelectrons
emitted by X-ray beams to analyze the elemental composition
and oxidation states of the material surface. However, the probe
depth of XPS is still limited to about 40 nm at 10.0 keV. XAS is
one of the most popular spectroscopic techniques in materials
research for chemical state and local structure analysis. The
principle of XAS technology is the excitation of electrons to
unoccupied states by absorbing the energy of incident X-ray
photons; when the increased photon energy is sufficient to
ionize the more tightly bound core electrons, the light
6358 | Chem. Sci., 2026, 17, 6345–6370
absorption cross-section increases and can be observed, which
is called the “absorption edge”. Therefore, the characteristic
energy levels of the electronic states of the respective elements
can be determined by using the absorption edge. XAS mainly
consists of three regions: pre-edge, XANES, and EXAFS. The
energy range of about 50 eV before and aer the absorption
edge belongs to the XANES region, which is effective for probing
the charge transfer and average oxidation state of 3d TMs. The
energy range of about 50–1000 eV before and aer the absorp-
tion edge belongs to the EXAFS region, which is effective for
structural information, such as probing bond lengths and
coordination numbers. XAS can also be divided into hard XAS
(>5000 eV) and so XAS (<3000 eV). Hard XAS can be used to
study the charge compensation mechanism and the changes in
the valence state. So XAS can be used to study anionic redox
reactions. Keller utilized in situ XANES to study the redox
processes of TMs in P2/P3/O3 type NaxMn

0.5Ni0.3Fe0.1Mg0.1O2.136 The spectra clearly show changes in the
edge positions of Ni and Fe, while the Mn K edge position is
essentially unaffected. The same general trend of energy
increase for bulk Ni is also observed. The same energy increase
at a relatively higher potential in Fe spectra is observed.
Compared with the Mn K edge of O3-type materials, which
shows a signicant shi to higher energy, the Mn K edge of P2
and P2/P3/O3-type materials is not affected. Therefore, it is
conrmed that P2-type and P2/P3/O3-type cathode materials
have high cycle stability.

Resonant inelastic X-ray scattering (RIXS) is a bulk-sensitive
technology with a large penetration depth that detects the
localized electronic structure and the reversible oxygen redox of
electrode materials. RIXS can absorb the primary photon and
the secondary photon, probing changes in energy and
momentum of scattered photons to provide more information
about charge transfer and atomic species compared with XAS.
Marie137 employed high-resolution RIXS at the O K edge for
quantitative analysis and tracked the changes in the formation
of oxygen molecules during electrochemical cycling. Multiple
RIXS scans were performed at different sample locations on
Li1.2Ni0.13Co0.13Mn0.54O2 in the charged state during the 2nd
and 100th cycles. It was found that there were signicant
differences in oxygen activity during cycling. Throughout the
charging process of the second cycle, a continuous increase in
the amount of O2 can be seen across the entire voltage range,
which is reected in the decrease in O2 during the subsequent
discharge process. It was conrmed that the loss of O-redox
capacity and the voltage decay during cycling were caused by
both the reduction in the reversibility of the O-redox process
and the loss of oxygen. Therefore, they proposed that oxygen
formed by the thermodynamic driving force leads to TM
migration, void formation, and voltage decay in Mn-based Li-
rich cathode materials. Mapping of RIXS (mRIXS) can further
analyze the emission energy of emitted photons. According to
the intensity change of the Mn L edge inmRIXS, the reversibility
and cyclicity of the oxygen redox reaction can be quantied. To
date, mRIXS has been widely used to detect the oxygen redox
state of Mn-LLO138 and Mn-rich NaxTMO2 materials.139
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Other representative advanced characterization techniques,
such as electron paramagnetic resonance (EPR)140 and time-of-
ight secondary-ion mass spectrometry (TOF-SIMS),141 have
also been developed to detect the oxidation state and electronic
structure of bulk materials and quantitatively identify the
composition and chemical state of element types on the surface,
respectively.
Fig. 7 (a) Training flow of the TG data prediction model and (b)
architecture of the developed ANN model. Reprinted with permis-
sion.150 Copyright 2025 OAE Publishing Inc. (c) Overview of PCA of
charge curves of Li-rich layered cathode materials. Reprinted with
permission.151 Copyright 2025 Royal Society of Chemistry.
4.2 Theoretical calculation/machine learning

With the accelerating global demand for energy storage,
empirical studies alone have proven insufficient to direct the
development of novel high-performance cathode materials for
LIBs/SIBs. The powerful computing and theoretical calculations
make it possible to predict and optimize the properties of Mn-
based materials, such as indicating optimal ion diffusion
paths, calculating migration energy barriers, and estimating
electronic conductivity. DFT is a numerical technique based on
rst principles, calculations based on which have been reported
since the late 1990s, and were subsequently applied to predict
the structural parameters and electrochemical performance of
rechargeable battery materials. DFT calculations can study the
Li+ migration path and activation energy barrier of spinel type
LiMn2O4. Not only that, due to the Jahn–Teller effect, Mn
dissolution and oxygen release problems in Mn-based mate-
rials, element doping, and coating are good improvement
strategies. DFT can be used to study the surface and bulk Mn
oxidation states and reaction properties. It has been conrmed
that Mn4+ resides in the bulk phase, while the undesirable Mn3+

accumulates at the surface, attributed to its reduced coordina-
tion with O atoms. Additionally, studies show that metal oxides
such as Al2O3 can modulate the valence state of O from +3 to +4.
DFT calculations can also study the modication of Mn-based
materials by surface doping. A series of transition metals
(Ti, V, Cr, Fe, Co, Ni, Zr, and Nb) were screened as dopants, and
calculations showed that Nb was optimal because its substitu-
tion enhances electronic conductivity, supplies extra electrons
for charge compensation, and retards oxygen release during
oxidation.143 In addition, Nb atoms are more tightly bound to
oxygen, which is benecial for the electrochemically enhanced
diffusion process in LIBs. For oxygen loss, DFT studies show
that Co substitution leads to a reduction in the band gap of the
cathode material, owing to the non-bonded metal energy band
with a low energy value overlapping with the valence band, thus
facilitating the loss of oxygen, while the Ti doping-induced band
gap increase in the cathode material is attributed to the high
energy of non-bonded metal bands.144 Chen145 used DFT
calculations to study the Li extraction mechanism in Li2MnO3

and its correlation with oxygen release and structural trans-
formation. It is shown that Li extraction is charge compensated
by oxidation of the oxide anion and therefore the entire deli-
thiation reaction involves lattice oxygen loss. Local holes on
oxygen (O−) are formed in the rst step but are destabilized,
leading to oxygen dimerization (O–O ∼1.3 Å) and ultimately the
formation of molecular O2. Oxygen dimerization promotes Mn
migration to octahedral sites in the vacated Li layer. The
formation of the oxygen dimer O2

2− then causes the migration
© 2026 The Author(s). Published by the Royal Society of Chemistry
of Mn ions, as the total energy becomes higher (structurally
unstable) along the same migration path. Comparing the two
reaction pathways, it appears that the oxygen dimer becomes
more oxidized when coordinated with a smaller number of Mn
cations. The conguration of the more oxidized oxygen dimer is
thermodynamically more stable.

Regarding the utilization of DFT calculation in Mn-
rich NaxTMO2 materials, DFT can be used to indicate the
optimal ion diffusion paths, calculate migration energy
barriers, and estimate the electronic conductivity. In particular,
the projected density of states (PDOS) has been widely used to
identify cation/anion band positions in Li/Na ion materials.146

Zhang142 conducted the DFT calculation to analyze the advan-
tages and disadvantages of three doping metals, Cd, Ru, and Ir
in the modication O3 type Na1.2Mn0.4Ir0.4O2 (DOS is shown in
Fig. 6c). Since oxygen release is suppressed, the Cd, Ru, and Ir-
doped Na–Mn–O system shows a trend of increasing O redox
participation as the depth of Mn 3d band increases. Especially
for Ir doping, the 3d energy band of Mn can be well embedded
into the O 2p energy band with a higher energy level, forming
a strong covalent Ir–O bond, effectively reducing the possibility
of oxygen release. Li56 used DFT calculations to simulate the air
degradation mechanism of O3-type Na-rich layered materials.
The bond dissociation energy (BDE) is an effective descriptor to
predict the air stability of the O3 cathode. To understand the
degradation mechanism of O3 layered oxides in ambient air,
high-valent cations, such as Nb, Zr, and Ti were selected for
doping and it was found that the reaction energy with ambient
air became much more negative than that of NaCoO2. Doping
Mn (typically in the +4 oxidation state) renders the O3 material
more degradation-prone, accounting for the air sensitivity of
multiple Mn-based O3 cathodes. In contrast, doping Al, Cr, Li,
Fe, Cu, Zn and Co themselves leads to higher reaction energies.

Theoretical calculation technology has great potential in
predicting and evaluating Mn-based cathodes, and can further
Chem. Sci., 2026, 17, 6345–6370 | 6359
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provide comprehensive guidance for Mn-based materials for
LIB/SIB application. Nowadays, with the continuous deepening
of scientic research exploration, machine learning (ML)-
assisted screening and prediction of battery materials has
been a powerful method for the reference values in material
research.147 From a microscopic perspective, ML can model the
Hamiltonian of the system, enabling atomic-level property
investigations. Concurrently, at macroscopic scales, ML can
analyze macroscopic material characteristics such as hardness,
melting point, and ductility. Comprehensive and accurate data
collection, feature engineering, and model training and selec-
tion through cross-validation are crucial for establishing excel-
lent ML models. ML also holds promise in analyzing phase
structures and stability, and facilitating the design of functional
materials.148 Liu149 reported that based on density functional
theory calculations, machine learning and experimental vali-
dation, a multi-hierarchy screening of complex multi-element
doping Li-rich layered cathode systems is developed using
electrochemical activity, lattice strain, oxygen stability and
transition metal migration barrier. It is further identied that
the coupled polyhedral distortion parameter D + s2 of the
substitution element is the most signicant feature that affects
the structural stability during cycling. The Li-rich layered
cathode developed based on the predicted results exhibits
remarkable long-term capacity stability (95.8% capacity reten-
tion over 300 cycles) and negligible voltage loss (0.02% voltage
decay per cycle). The latest articial neural network (ANN)
machine learning methods perform well in handling nonlinear
relationships and high-dimensional data. Huang150 developed
an ANN model to predict the key thermal decomposition
parameters of Li-rich layered cathode materials and combined
the analytic hierarchy process to quantify the thermal stability
of cathode materials. This work proposes a method that can
obtain key thermal decomposition information and quantita-
tive risk assessment of cathode materials for LIBs without
complex and repetitive thermogravimetric analysis tests (Fig. 7a
and b). Park151 proposed an unsupervised analysis framework
that applies principal component analysis (PCA) to a large
dataset of over 30 000 Li-rich layered cathode charge curves to
analyze the attenuation mechanism of Li-rich cathodes, identify
fundamental degradation factors and enhance predictability. By
incorporating ex situ Mn L-edge and O K-edge so XAS, along
with electrochemical EIS, this work connects each principal
component to physical phenomena such as Mn reduction and
increasing charge-transfer resistance. Leveraging these
Fig. 8 Comparison of commercialized NCM cathode materials and
representative Mn-based materials.

6360 | Chem. Sci., 2026, 17, 6345–6370
insights, Park demonstrates robust predictive models that can
accurately reconstruct full charge curves and reliably detect
outliers or abnormal cycling patterns, as shown in Fig. 7c.
Smarak Rath et al.152 employed an eXtreme gradient boosting
(XGBoost) classier to classify direct-bandgap and indirect-
bandgap materials, achieving an average accuracy of 72.8%.
Houchins153 utilized a density functional theory-based neural
network model to predict the structural energy and force of
various doped NCM materials, yielding promising accuracy.
Wang et al.154 applied gradient-boostingmachine (GBM)models
to observe the correlation between discharging performance
and element/doping ratios in LIB cathodes, further predicting
the chemical contents of NCM for high-performance cathode
design. For Mn-based SIB cathode materials, Dong155 compared
GBM and random forest (RF) algorithms, demonstrating that
GBM outperformed RF in predicting initial capacity (IC) and
50th cycle energy capacity (EC). Besides, cathode materials with
a specic Na content (0.75 < x < 1.25), a dopant content (x < 0.2),
and a nickel content (x < 0.4) seem to possess high values for
both the IC and EC, which provide guidance for SIBs to design
a new cathode. These results further encourage the application
of ML methods to explore the complex structure–performance
relationship of materials. Meanwhile, by bridging mechanistic
domain knowledge learning with theoretical calculation tech-
nology, further underscoring the value of combining data-
driven methodologies with mechanistic insights, this strategy
can pave the way for more reliable and high-performance
materials in next-generation battery systems.

5 Economic outlooks

When we develop cathode materials for rechargeable batteries,
technical and economic aspects as well as potential environ-
mental impacts should be considered (in Fig. 8). Herein, the life
cycle assessment (LCA) and techno-economic analysis (TEA)156

are utilized to evaluate commercialized LiNixCoyMnzO2 (NCM)
cathode materials and representative Mn-based materials,
aiming to seek the possibility of Mn-based materials for future
energy storage application. LCA is a system that is used to
quantify inputs and outputs along product supply chains in
terms of resources, carbon footprint, and environmental
impacts.

The core materials in NCM and Mn-based cathodes are
mainly Ni, Co, and Mn. In this section, we briey review the
different stages of production (including raw ore mining,
smelting, and manufacturing), use, recycling, and disposal of
these two types of cathodes, in order to compare the environ-
mental and ecological impacts produced in these stages. The
mainstream recycling routes for Mn-based cathode materials
currently include pyrometallurgy, hydrometallurgy, and mech-
anochemistry. Pyrometallurgy is suitable for waste Mn-based
batteries with high impurity content, achieving separation of
Mn from other metals through high-temperature reduction;
however, it is plagued by high energy consumption (approxi-
mately 8.5–10 kWh per kg) and potential Mn volatilization
loss.157 Hydrometallurgy, which adopts acid leaching-solvent
extraction processes, has become the most widely
© 2026 The Author(s). Published by the Royal Society of Chemistry
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industrialized technology due to its high Mn recovery rate (92–
96%) and relatively low energy consumption (3.2–4.5 kWh per
kg).158 Mechanochemistry, as an emerging green route, breaks
the crystal structure via ball milling activation and enables
gentle leaching conditions, reducing reagent consumption by
over 30% while realizing synchronous recovery of Li, Mn, and
other valuable elements.157 In terms of industrial progress,
hydrometallurgy has been scaled up in plants across China and
Europe, with a processing capacity of 10 000–50 000 tons of
waste Mn-based batteries per year.158 Pyrometallurgy is mainly
applied in scenarios with complex battery compositions,
though its industrial promotion is restricted by high energy
costs.157 Mechanochemistry is currently in the pilot-scale stage,
and several lab-scale technologies have demonstrated signi-
cant potential for industrialization following optimizations in
equipment design and process parameters.158

For a more comprehensive LCA, a direct cost comparison
between Mn-based materials and LiFePO4 (LFP) in the recycling
stage is further supplemented. The unit mass recycling cost of
Mn-based cathode materials (dominated by hydrometallurgy)
ranges from 1.5 to 2.2 $ per kg, slightly lower than that of
LiFePO4 (1.8 to 2.5 $ per kg).157,159 This cost difference stems
from two core aspects: rst, Mn-based material recycling
enables simultaneous recovery of high-value Mn and Li, while
LiFePO4 recycling mainly focuses on Li extraction with limited
economic returns from Fe and P components; second, the acid
leaching process of Mn-based materials requires lower reagent
dosage due to the higher solubility of Mn oxides, reducing the
cost of raw materials and wastewater treatment. From the
perspective of full-life cycle cost accounting, the recycling stage
accounts for 6–8% of the total full-life cycle cost of Mn-based
battery systems, whereas this proportion reaches 8–10% for
LiFePO4 battery systems.159 Additionally, the wastewater and
residue treatment cost of Mn-based material recycling is
approximately 0.3–0.5 $ per kg, lower than that of LiFePO4 (0.4–
0.6 $ per kg), attributed to the absence of complex Fe–P sepa-
ration steps in Mn-based recycling processes.158 This cost
advantage further highlights the economic feasibility of Mn-
based materials in large-scale energy storage applications.

Moreover, the correlation between costs (including produc-
tion costs and transportation costs) and economic benets
would be comprehensively analyzed. Olivetti160 found an
increase in the ratio of known reserves to primary mine
production (also known as the static loss index) for cobalt, Li,
and natural graphite, suggesting that continued demand has
led to additional exploration andmining. Mn and Ni showed no
upward or downward trends, indicating that the ratio of
production to known reserves remains relatively stable. Global
Li raw materials mainly come from Australia, Chile, Argentina,
and China. China is the largest producer and consumer of Li
salts around the world. Stimulated by the high Li prices in the
past two years, new and expanded Li projects around the world
have gradually come into production, and supply and demand
are balanced. There is consensus that supply risks for Co and Li
are greater due to the concentration of known reserves and
current production in the Democratic Republic of Congo (DRC).
More than 60% of its current supply and half of its estimated
© 2026 The Author(s). Published by the Royal Society of Chemistry
reserves are located in the DRC, resulting in serious environ-
mental and social impacts. The global supply of Ni raw mate-
rials mainly comes from the Republic of Indonesia. Driven by
Chinese technology and capital, Indonesia has replaced China
as the largest primary nickel producer in 2021, while China
remains the world's largest Ni producer.

Based on the aforementioned raw material supply charac-
teristics and cost differences, a quantitative comparison of core
economic metrics and life-cycle carbon footprint between Mn-
based cathodes and mainstream commercial materials
(NCM811 and LFP) is supplemented herein, drawing from peer-
reviewed LCA studies and industry production data,161,162 to
further clarify their commercial competitiveness. In terms of
raw material cost per kg, Mn-based cathodes (e.g., Li-rich Mn-
based oxides and tunnel-type NaxMnO2) range from 15–25 $
per kg, signicantly lower than NCM811 (45–60 $ per kg) which
relies on high-cost Ni and Co, and moderately competitive with
LFP (20–30 $ per kg). This advantage originates from the
abundant and low-cost manganese ore (∼1.5 $ per kg), in
contrast to Ni ore (∼15 $ per kg) and Co ore (∼80 $ per kg) for
NCM811. From the perspective of total cradle-to-gate produc-
tion cost, Mn-based cathodes are estimated at 30–40 $ per kg,
compared to 60–80 $ per kg for NCM811 and 35–45 $ per kg for
LFP, reinforcing their cost potential in large-scale energy
storage. In terms of the life-cycle carbon footprint, the cradle-to-
gate carbon footprint of Mn-based cathodes is 12–18 kg CO2-eq
per kg, 30–40% lower than that of NCM811 (20–28 kg CO2-eq per
kg) due to the avoidance of energy-intensive Ni/Co mining and
rening. Compared with LFP (10–16 kg CO2-eq per kg), Mn-
based cathodes have a comparable carbon footprint prole,
with the minor gap attributed to additional energy for structural
modication. A stage-wise breakdown shows that raw material
extraction contributes only 2–3 kg CO2-eq per kg for Mn-based
cathodes, far lower than 8–12 kg for NCM811, while the
manufacturing stage (40–50% of the total carbon footprint) and
end-of-life disposal (<10%) are consistent with or lower than
those of their commercial counterparts.

In the manufacturing energy consumption aspect, different
statistical approaches also conrm the environmental advan-
tage of Mn-based cathodes. Dunn163 reported that the
manufacturing energy consumption of NCM cathode materials
is two to three times higher than that of Mn-based materials,
such as LiMn2O4 (LMO). For NCM cathode materials, produc-
tion usually includes two main stages: co-precipitation and
calcination. Metal nitrate, metal sulfate, or metal acetate and
hydroxide react in a continuous mixing kettle reactor to form
NixMnyCoz(OH)2, and then separate and recycle solvents to dry.
Because the total precipitation will produce wastewater con-
taining ammonia and sodium sulfate, it also needs to be treated
for appropriate disposal or reuse, which may lead to the nutri-
tionalization of water. Most of the energy demand related to co-
precipitation can be attributed to wastewater treatment, and the
rest is attributed to direct production and environmental
control and dryness of NixMnyCoz(OH)2 in the reactor. A total of
11.8 kWh calories is consumed to produce 1 kg NixMnyCoz(-
OH)2, but the energy consumed will vary under specic condi-
tions. The calcination stage needs to use high-temperature
Chem. Sci., 2026, 17, 6345–6370 | 6361
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sintering materials for NixMnyCoz(OH)2 and Li compounds
(usually hydroxide or carbonate) to eventually produce NCM
active materials. In addition, more processes of calcination may
be required, because the primary task of manufacturers is to
maximize production rather than reduce energy consumption.
It is known that the combustion process for producing 1 kg of
NCM active material comsumes 7.0 MJ of electricity. However,
the type of fuel and energy concumptionmay vary depending on
specic circumstances. LMO cathode materials can be
produced through various methods, including solid-state,
solution-gel, hydrothermal, and combustion procedures. The
energy intensity of LMO production is 5.0 kWh per kg compared
with that of NCM.

TEA is designed to evaluate the performance parameters and
economic feasibility of a product. Yi10 proposed that the price
per kWh of Mn-based materials is lower than that of present
NCM materials by calculating the preparation cost, including
that of raw materials and preparation technology. For electric
vehicles, gravimetric energy density (GED) and material cost are
more important than volumetric energy density (VED) because
it has more space and uses more batteries to produce more
energy. Although NCM materials, such as NCM523 and
NCM811, have much lower VED than LiCoO2, their GED is
comparable to that of LiCoO2. NCM is widely used in electric
vehicle batteries due to its signicantly cheaper material cost
compared to LiCoO2. Although LiFePO4 has a relatively lower
GED than NCM and LiCoO2, it remains a viable cathode mate-
rial for electric vehicles due to its lower cost per kWh and
extremely long life. The cost per kWh of LiFePO4 is 20.9 $ per
kWh. Mn-based materials with cost less than NCM (NCM523:
47.5 $ per kWh; NCM811: 47.5 $ per kWh) can be considered as
potential cathode materials.

Among these low-priced manganese-based materials, spinel
LMO and LiNi0.5Mn1.5O4 have the lowest cost per watt hour, at
18.1 $ per kWh. LMO has been applied to two-wheel electric
vehicles and power tools that require high-cost performance
and can withstand relatively low energy density and cycle
performance. The GED of layered LiNi0.5Mn0.5O2 is comparable
to that of NCM523, and its kWh cost (26.5 $ per kWh) is much
lower than that of NCM523. It has the potential to replace NCM
materials because of its low price. The cost for LRM materials
such as layered Li1.2Ni0.2Mn0.6O2 (26.5 $ per kWh, 0.825 kWh
kg−1) and rock salt Li1.2Mn0.625Nb0.175O1.95F0.05 (41.9 $ per kWh,
1.056 kWh kg−1) are reduced. The cost per Wh of LiMnPO4 (22.3
$ per kWh) and LiMn0.5Fe0.5PO4 (20.9 $ per kWh) is similar to
that of LiFePO4, showing considerable advantages in price.

6 Summary and outlook

Manganese (Mn)-based cathode materials are promising
candidates for next-generation rechargeable batteries (LIBs/
SIBs) due to their low cost, low toxicity, high natural abun-
dance, variable valence state-enabled diverse crystal structures,
and high energy density, making them particularly attractive for
sustainable energy storage applications. However, their further
development and commercialization are hindered by inherent
challenges, and in this review, the composition, performance
6362 | Chem. Sci., 2026, 17, 6345–6370
limitations, optimization strategies, research techniques, and
future directions of Mn-based cathodes are systematically
analyzed and summarized.

(1) Current Mn-based cathodematerials suffer from inherent
issues including Jahn–Teller deformation, Mn dissolution,
oxygen release, and poor air instability. These problems lead to
progressive crystal structure degradation during prolonged
cycling, thereby causing the deterioration of electrochemical
performance. To address these challenges, multiple optimiza-
tion strategies such as surface modication and coating have
been developed, which effectively enhance the structural
stability and kinetic properties of Mn-based cathodes, resulting
in signicant improvements in both cycling stability and rate
capability. Future research needs to further optimize these
strategies, especially developing efficient, cost-effective, and
scalable surface engineering methods to lay a foundation for
commercialization.

(2) Combiningmultiple physical characterization techniques
is of great signicance for understanding and developing Mn-
based cathode materials. This review summarizes advanced in
situ/operando characterization methods, which are applied to
study the surface properties of Mn-based cathodes (including
the crystal structure, electronic structure, oxidation state of
transition metal (TM) ions, and doping effect) as well as the
mechanisms of Mn dissolution and oxygen release. Besides, the
important role of density functional theory (DFT) research in
screening and predicting the structural properties of Mn-based
cathodes is also reviewed. To deeply elucidate the reaction
mechanism of Mn-based cathodes, future studies should adopt
advanced high-energy, high-resolution characterization strate-
gies combined with high-throughput computing and machine
learning, providing insights for designing Mn-based cathodes
with optimal performance.

(3) From the perspective of industrial application andmarket
development, most current research on Mn-based cathodes
remains at the laboratory scale, and the lack of scalable prep-
aration technologies and systematic commercial feasibility
evaluation restricts their transition to industrial production.
Techno-economic analysis and life-cycle assessment of Mn-
based cathodes in sustainable energy storage need to be
further supplemented to comprehensively evaluate their
commercial potential.

While the aforementioned strategies address key bottlenecks
of Mn-based cathodes in conventional liquid electrolyte
systems, exploring their compatibility with solid-state electro-
lytes opens up a pivotal new frontier that is essential for
advancing their application in next-generation high-safety,
high-energy-density batteries.

Current studies indicate that such compatibility varies
signicantly with the type of solid-state electrolytes: for sulde
electrolytes (e.g., Li3PS4 and Li10GeP2S12), the dissolution and
migration of Mn2+ tend to trigger interfacial side reactions (e.g.,
formation of MnS impurity phases), resulting in elevated
interfacial impedance. This issue can be effectively mitigated by
surface coating of Mn-based materials (e.g., Al2O3 and Li3PO4)
or heteroatom doping of electrolytes, which effectively
suppresses interfacial side reactions and improves cycling
© 2026 The Author(s). Published by the Royal Society of Chemistry
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stability.164 For oxide electrolytes (e.g., Li7La3Zr2O12 and Li1.3-
Al0.3Ti1.7(PO4)3), the air instability of Mn-based materials may
exacerbate the formation of oxygen vacancies at the interface,
impeding ion conduction efficiency. Optimizing sintering
processes (e.g., low-temperature co-sintering) and regulating
surface chemical states can improve interfacial contact and
charge transfer kinetics, thereby reducing interfacial resis-
tance.165 Notably, Mn-based materials with unique crystal
structures (e.g., tunnel-type Na0.44MnO2 and olivine-type
LiMnPO4) exhibit inherent compatibility advantages with
solid-state electrolytes, attributed to their stable frameworks
and low Mn dissolution tendency.

Beyond LIBs and SIBs, Mn-based cathodes also demonstrate
considerable potential in various emerging battery systems,
including potassium-ion batteries (PIBs), aqueous rechargeable
batteries (ARBs), and all-solid-state batteries (ASSBs). Their
unique advantages and inherent challenges in each system are
analysed as follows to broaden the scope of the application
prospect discussion:

For potassium-ion batteries (PIBs), Mn-based materials such
as tunnel-type KxMnO2 and layered KMn2O4 stand out due to
their low cost, high theoretical capacity, and favorable struc-
tural adaptability to the large ionic radius of K+. Their open
crystal frameworks can accommodate K+ intercalation/
deintercalation with relatively small volume expansion, which
is a critical advantage over many other cathode candidates for
PIBs. Nevertheless, they face prominent challenges: severe K+

diffusion impedance caused by the large ionic size, structural
degradation from repeated intercalation–extraction cycles of K+,
and low initial coulombic efficiency induced by electrolyte
decomposition on the cathode surface. Surface modication
strategies like carbon coating and heteroatom doping (e.g., Al
and Fe doping) have been proven effective in mitigating these
issues by enhancing electron conductivity, stabilizing the
crystal structure, and suppressing side reactions.

In aqueous rechargeable batteries (ARBs), Mn-based cath-
odes (e.g., MnO2 polymorphs andMn3O4) are highly competitive
due to their low toxicity, environmental benignity, and excellent
redox activity in aqueous electrolytes. They can be paired with
low-cost anodes such as Zn, Fe, and Al to construct high-safety,
low-cost aqueous battery systems, which are promising for
large-scale energy storage and wearable electronics. The main
challenges restricting their practical application include Mn
dissolution in aqueous electrolytes (especially under acidic or
alkaline conditions), poor cycling stability arising from irre-
versible phase transitions, and a narrow voltage window limited
by water splitting. Optimizing electrolyte compositions (e.g.,
adding Mn2+ additives to suppress dissolution and using gel
electrolytes to widen the voltage window) and constructing
protective interfaces (e.g., metal oxide coating) are promising
approaches to improve their cycling stability and electro-
chemical performance.

For all-solid-state batteries (ASSBs), building on the afore-
mentioned compatibility discussion, Mn-based cathodes
exhibit unique advantages such as high redox potential, good
compatibility with partial solid electrolytes (e.g., tunnel-type
Mn-based materials with sulde electrolytes), and cost
© 2026 The Author(s). Published by the Royal Society of Chemistry
competitiveness compared to Ni/Co-based cathodes. These
merits make them potential candidates for low-cost ASSBs. The
core challenges remain interfacial issues: interfacial side reac-
tions between Mn-based cathodes and solid electrolytes, poor
interfacial contact due to rigid solid–solid interaction, and
performance degradation induced by Mn dissolution. As di-
scussed earlier, surface coating, electrolyte modication, and
optimized sintering processes are effective strategies to alleviate
these interfacial problems, laying the groundwork for their
application in ASSBs.

Future research should focus on the precise regulation of
interfacial reaction mechanisms, the development of low-cost
compatible solid-state electrolytes, and the integration optimi-
zation of all-solid-state battery devices, which will lay a solid
foundation for the large-scale application of Mn-based mate-
rials in next-generation energy storage systems. Overall, Mn-
based cathode materials have great potential in next-
generation high-performance LIBs and SIBs; intensifying
efforts to solve existing problems (such as structural instability,
limited characterization depth, and immature commercializa-
tion technologies) will accelerate the explosive growth of the
rechargeable battery market.
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