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Suppression of High Spin State of Mn for the Improvement
of Mn-Based Materials in Rechargeable Batteries

Johan Nguyen, Youngil Lee,* and Yang Yang*

Manganese-based materials are essential for developing safe, cost-effective,
and environmentally sustainable rechargeable batteries, which are critical for
advancing clean energy technologies. However, the high spin state of the Mn
cation triggers a pronounced Jahn–Teller effect and phase transformations
during cycling, leading to structural instability and reduced electrochemical
performance of the Mn-based cathodes. This review provides a fundamental
understanding of the Jahn–Teller effect, highlights recent strategies to mitigate
the high spin state of Mn, and offers insights into future research directions
aimed at overcoming the Jahn–Teller effect to enhance the performance of
next-generation Mn-based cathodes for rechargeable batteries.

1. Introduction

Manganese-based (Mn-based) electrode materials are central
to the development of various rechargeable batteries. These
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materials utilize the multiple oxidation
states of Mn to achieve high redox po-
tential and enable multi-electron trans-
fer, resulting in various types of recharge-
able batteries with high specific capacity
and energy density.[1–4] Mn-based materi-
als can also be engineered into various
derivatives or combined with other ele-
ments to form mixed metal compounds,
optimizing performance by increasing en-
ergy density while maintaining safety and
stability.[5–8] In addition, the low cost and
non-toxicity of Mn-based materials make
them ideal for large-scale production of
environmentally sustainable batteries.[9–11]

Unfortunately, the existence of Mn3+ with a high electron
spin state during electrochemical reactions leads to Jahn-
Teller distortion, which causes structural degradation, dis-
solution, migration, and deposition of Mn ions. This ul-
timately leads to capacity decay and poor cycling stability,
which severely limits the practical application of Mn-based
materials.[12–16]

The Jahn-Teller effect occurs when molecules or crystals with
uneven electron distribution in degenerate orbitals undergo
structural distortions.[17–19] In Mn-based materials, this effect is
mainly associated with Mn3+, which has an unpaired electron in
the eg orbital.

[20,21] This causes significant distortions in the Mn–
O octahedra, leading to crystal lattice instability. Such instability
adversely affects ionic conductivity and can lead to capacity degra-
dation and shorter cycle life.[14,16,22] The instability is particularly
pronounced under non-equilibrium discharge conditions, con-
tributing to mechanical degradation of the material and loss of
storage capacity over repeated charge and discharge cycles.[23,24]

Given its potential to negatively impact battery performance, the
Jahn-Teller effect warrants thorough investigation and strategic
management.
Efforts to mitigate the Jahn-Teller effect have led to progress in

the development of Mn-based materials for rechargeable batter-
ies, focusing on the partial substitution of Mn by either electro-
chemically active or inactive transition metal elements, surface
engineering, and microstructure design. Despite these achieve-
ments, current progress remains insufficient to fully meet prac-
tical requirements. Based on a fundamental understanding of
the Jahn-Teller effect by reviewing recent strategies to counteract
the high spin state of Mn, we offer our perspective on future re-
search directions aimed at further overcoming the spontaneous
but notorious Jahn-Teller effect to improve the performance of
next-generation Mn-based electrode materials, especially the Mn
oxides for monovalent Li-, Na-, and K-ion batteries.
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Figure 1. Electron configurations ofMn2+/Mn3+/Mn4+. UnlikeMn2+ andMn4+, Mn3+ has a single electron that preferentially occupies the d(z2) orbital,
leading to the Jahn–Teller asymmetry distortion of the Mn3+ structure which consequently causes the structural collapse, voltage/capacity fading, and
Mn ion dissolution of the active materials.

2. High Spin Mn and Jahn–Teller Effect in
Mn-Based Cathodes

Although Mn-based electrodes offer significant advantages, sev-
eral challenges hinder their widespread adoption, particularly
due to the coordination structure of Mn in active materials. Man-
ganese, a 3d transition metal with an electron configuration of
3d54s2, can exist in various oxidation states in oxides and other
compounds.[25] As an electrochemically active center, the electro-
chemical activity of Mn usually involves Mn3+. Unlike Mn2+ and
Mn4+, Mn3+ has a unique electron configuration of a single elec-
tron occupying the eg orbital. As shown in Figure 1, the 3d or-
bitals are divided into triply degenerate t2 g orbitals, including
d(xy), d(xz), and d(yz), and doubly degenerate eg orbitals, includ-
ing d(x2-y2) and d(z2). In the high spin state of Mn3+, the single
electron in the eg orbital preferably occupies the d(z

2), creating
an asymmetric occupancy state as demonstrated by the differen-
tial charge densities of the octahedral Mn3+O6 and Mn4+O6 cal-
culated using the density functional theory (Figure 2a).[5] This
asymmetry distorts the six equivalent Mn-O bonds, stretching
two of them into longer axial bonds and shortening the other
four into equatorial bonds. This distortion stabilizes Mn3+ but
further splits the energy levels of the d-orbitals,[26] leading to crys-
tal distortion, a reduction in system energy, and the elimination
of degeneracy in the electronic system. Together, these effects
contribute to the challenges of maintaining the structural stabil-
ity of Mn-based cathodes, thereby limiting their performance in
rechargeable batteries.[27,28] The high-spin Mn3+ associated with
the Jahn-Teller effect plays a vital role in stabilizing Mn-based
electrode materials during electrochemical processes. Suppress-
ing the high-spin Mn3+ is therefore critical for improving Mn-
based materials in rechargeable batteries.

The Jahn-Teller effect significantly influences the phase diver-
sity and stability of Mn-based layered cathodes. In particular, the
A-Mn-O systems (A= Li, Na, and K) exhibit a wide range of struc-
tural variations that are shaped by the specific A-Mn ratios and
synthesis conditions. The planar layered framework of AxMnO2
(A = Li, Na, K) can be divided into two primary polymorphs: O-
type and P-type, depending on the local environment of the al-
kali ions, the number and arrangement of the Mn–O layers, and
the resulting distorted phases. In this context, O indicates that
the alkali ions occupy octahedral sites within the sodium layers,
while P indicates prismatic site occupancy.[29] The O-type mon-
oclinic layered structure of LiMnO2 (m-LiMnO2) is of consider-
able commercial and scientific interest due to its structural sim-
ilarity to the widely used LiCoO2 cathode material. However, the
Jahn-Teller distortion poses a significant challenge as it limits the
stability of m-LiMnO2 and promotes the formation of the more
thermodynamically stable zigzag layered orthorhombic form (o-
LiMnO2).

[30] Therefore, the synthesis of m-LiMnO2 is very chal-
lenging. Although o-LiMnO2 electrodes initially offer a relatively
high capacity of 210 mAh g−1, they suffer from poor capacity
retention.[31] During cycling, the layered LixMnO2 rapidly trans-
forms to the spinel phase, driven by the migration of Mn ions
into the vacancies left by the extracted Li ions. This phase transi-
tion results in an irreversible capacity loss and capacity fading in
the ≈3 V region (Figure 2b).[32–34]

Themigration of theMn ion and related charge disproportion-
ation reaction can be further explained by spin integration results
as shown in Figure 2c. Considering LixMnO2 with XLi = 1/2, the
average formal valence state of Mn is +3.5. However, the migrat-
ing Mn (octa/tetra face and tetrahedral) has ≈ 4.5 units of elec-
tron spin, giving an oxidation state of ∼+2.5, indicating that the
Mn ion gains d electrons whenmigrating from octahedral sites to
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Figure 2. a) The calculated differential charge densities of the octahedral Mn3+O6 and Mn4+O6. Blue and yellow regions represent the decreasing and
increasing electron density, respectively. Reproduced with permission from[5] Copyright 2021, Elsevier. c) Typical charge–discharge profiles and schematic
diagram of the transformation from o-LiMnO2 to spinel LiMn2O4. Reproduced with permission from[32] Copyright 1993, Elsevier. d) Integrated net spin
for Mn cations from octahedra to tetrahedra path into the Li/vacancy layer at xLi = ½. The migrating Mn possesses an oxidation state of ≈+2.5 while
Mn in Jahn–Teller-distorted octahedra is ≈+3 and in non-Jahn-Teller-distorted octahedra is +4. The integrated net spin demonstrates that the charge
disproportionation reaction induces the migration of Mn between octahedra and tetrahedra. Reproduced with permission from[35] Copyright 2004,
American Chemical Society.

tetrahedral vacancies left by the extracted Li ions. Consequently,
a neighboring octahedral Mn is oxidized toward +4. It’s worth
noting that the spontaneous charge disproportionation of Mn3+

(2Mn3+(octahedra) → Mn2+(tetrahedra) + Mn4+(octahedra)) occurs and fa-
cilitates themovement ofMn. The amount ofMn2+ and the avail-
ability of tetrahedral sites are closely related to the Li content in
LixMnO2, which further influences the phase stability and per-
formance of the material.[35] In addition, a similar charge dispro-
portionation reaction is reported to occur during the degradation
of LixMn2O4 with electrochemical cycling, where the Mn2+ dis-
solves into the electrolyte and then migrates and deposits on the
anode, leading directly to the structural degradation of the cath-
ode, the increasing impedance of the anode accompanied with
undesired site reactions, and the overall severe capacity degrada-
tion of the batteries.[12,13,21]

Even if the layered structure of LixMnO2 could be main-
tained during cycling, the Jahn-Teller effect would still gener-

ate significant mechanical stress, potentially causing the mate-
rial to fracture. Due to the presence of Mn3+, any methods used
to improve the performance of LixMnO2 can only slow down
the spontaneous transformation from a layered structure to a
spinel phase, but cannot completely prevent it. Once formed,
the spinel LiMn2O4 exhibits a low voltage plateau correspond-
ing to the transformation between cubic LiMn2O4 and tetrag-
onal Li2Mn2O4 (Figure 3a).

[36] In practical applications, the cy-
cling performance of LiMn2O4 electrodes is further complicated
by these phase transformations and the associated structural dis-
tortions in the low-voltage region. As a result, the operating volt-
age range of LiMn2O4 is limited (Figure 3b,c).[37,38] The struc-
tural mismatch between the tetragonal and cubic phases disrupts
the Li-ion diffusion pathways, resulting in sluggish kinetics and
capacity degradation over repeated cycles. In addition, during
lithiation of the spinel LiMn2O4, a high concentration of Mn3+

accumulates at the surface during discharge. This triggers a
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Figure 3. a) Voltage profile of LiMn2O4 during cycling. Reproduced with permission from[36] Copyright 2013, American Chemical Society. b) Schematic
free energy curves of O-type layered LixMO2 and spinel LixM2O4. Thematerial can be fully charged toMO2 and ideally could then be reversibly discharged
back to the original LiMO2 state. However, the process may result in atomic rearrangement to spinel LiM2O4 or to rocksalt MO. Reproduced with
permission from[37] Copyright 2017, JohnWiley and Sons. c) Compositional Li-Mn-Ophase diagram concerning spinel, rock salt, and layered compounds.
Reproduced with permission from[38] Copyright 2018, Royal Society of Chemistry. d) Compositional phase diagram showing the electrochemical reaction
pathways for Li-rich Mn-based cathodes. Reproduced with permission from[45] Copyright 2020, John Wiley and Sons.

disproportionation reaction that causes continuous dissolution
of Mn2+ ions into the electrolyte, further degrading the battery
performance over time.[39,40]

Beyond the Li deficient spinel LiMn2O4, Li ions can re-
place Mn, leading to the formation of (LiMn2)-O sheets. These
sheets help to maintain a layered structure but distort the
original lattice symmetries, resulting in the formation of Li-
rich Li2MnO3 cathodes.[38,41] However, the Li-O-Li configura-
tions lead to the formation of non-bonding O orbitals, which
lower the average valence of Mn and can cause electron loss
from oxygen, thereby intensifying the Jahn-Teller effect.[42,43]

This, in turn, triggers interplanar and intraplanar displace-
ments of various metal ions, leading to voltage hysteresis
and capacity reduction.[44] The compositional phase diagram
of a typical Li-rich Li2MnO3 cathode can be extended to the
Li2MnO3-LiMO2-MnO2-MnO3 configuration by including the
MnO3 region (Figure 3d).

[45] This diagram shows both reversible
(in the Li2MnO3-MnO2-MnO3 direction) and irreversible (in
the Li2MnO3-LiMnO2-MnO2 direction) phase transformations.
These transformations and separations induce significant vol-
umetric strain in the bulk material, leading to repeated vol-
ume changes and crack formation. As a result, these structural
changes reduce the electrochemical reversibility of the active ma-

terials and hinder the long-termperformance of Li-richMn-based
cathodes.[46]

Unlike their Lithium counterparts, where even small devia-
tions from x = 1 can induce structural transformation to a spinel
phase, the planar layered framework for NaxMnO2 remains rel-
atively stable over a wide range of x values.[47,48] As shown in
Figure 4a, the Na ion diffusion in P-type NaxMnO2 is generally
less complex than in O-type structures due to the presence of
more direct diffusion pathways with lower hopping energies be-
tween adjacent Na sites.[47] In P-type phases, Na ions occupy trig-
onal prisms that share rectangular faces, creating a direct path-
way that facilitates Na ion diffusion and enhances reversible Na
ion intercalation. In contrast, a Na ion moves from one octa-
hedral environment to another equivalent one by crossing an
octahedral-tetrahedral face in O-type phases, resulting in a rel-
atively high activation barrier. However, despite the improved
Na-ion diffusion in P-type structures, the low initial Na content
of these layered oxides raises concerns about sodium deficiency,
which could pose a challenge for practical full-cell assembly.
It should be noted that orthorhombic zigzag-type layered

NaMnO2 exists with edge-sharing MnO6 octahedra that induce
Na ions to reside in the intermediate sites.[49,50] As shown in
Figure 4b, the basic planar layered framework of NaxMnO2
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Figure 4. a) Typical P- andO-type ofNaxMnO2 with correspondingNa-ion diffusion path. Reproducedwith permission from[47] Copyright 2014, American
Chemical Society. Ranges of x in b) NaxMnO2 and c) NaxMn1-yMyO2 for different layered structures. Reproduced with permission from,[51] under the
terms of the Creative Commons Attribution 4.0 License.

exhibits a P-type structure when x is in the range of 0.6-
0.7, and transitions to an O-type structure as x approaches
1.[51,52] The incorporation of various elements into this frame-
work can modify the x range while maintaining the P-type
structure, as shown in Figure 4c. Transition metal substi-
tution is an effective way to increase the Na content in
the P2-type phases as high as ≈0.85 by partial substitution
of Mn for Ni, Li, or a combination of both[53] but it re-
quires a relatively lower upper cutoff voltage to prevent struc-

tural changes and thus just moderately improve the reversible
capacities.
Similar to the Jahn-Teller effect in Li-ion batteries, these struc-

tural dynamics in Mn-based cathodes for Na- and K-ion batteries
underscore the need for careful consideration of phase stability
and ion diffusion pathways to optimize battery performance. In
O-type NaxMnO2, the higher Na content allows for a higher ini-
tial discharge capacity, making it more promising for practical
applications. However, the charge-discharge curves often show
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Figure 5. a) Electrochemical performance and complicated structural evolution of O-type NaMnO2 based on b) in situ synchrotron XRD in the first
electrochemical cycle. Reprinted with permission from[55] Copyright 2018, JohnWiley and Sons. c) Schematic illustration of interlayer gliding. Reproduced
with permission from[57] Copyright 2022, American Chemical Society. d) The P2 and OP4 crystal structures. Reproduced with permission from[71]

Copyright 2023, John Wiley and Sons. e) Structural distortion and P–O transformation of P-type Na2/3MnO2 based on contour maps of operando
XRD patterns. Reproduced with permission from[59] Copyright 2016, John Wiley and Sons. f) Typical charge–discharge profiles of P3-type K0.5MnO2 and
corresponding in situ XRD pattern, showing the structural changes of the P3-type K0.5MnO2 during charge and discharge with the formation of unknown
X-phase. Reprinted with permission from[66] Copyright 2017, John Wiley and Sons.

multiple voltage steps, indicating complex phase transitions as
presented in Figure 5a,b.[54,55] These undesirable phase transi-
tions during cycling can lead to irreversible structural changes
and rapid degradation of electrochemical performance. As illus-
trated in Figure 5c, the Mn–O sheets in P-type NaxMnO2 slide

within the a–b plane to prevent close oxygen–oxygen contact
during Na extraction, resulting in different imperfect layered
structures with stacking defects.[56,57] This induces P-type distor-
tions and P–O transformations in both Mn-redox active and Mn-
redox inert oxides (Figure 5d,e).[58–61] The irreversible structural
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transformation, coupled with the large volume change during cy-
cling, raises serious concerns about the cycle stability of the Mn-
based electrodes.[62–65] Although it has been commonly observed
that the structural instability leads to oxygen layer glides at high
voltage at the end of charge, the resulting phases are usually dif-
ficult to ascertain because of the extensive disorder and the for-
mation of stacking faults can broaden the peaks in the diffrac-
tion patterns. For K-ion intercalation in Mn-based layered elec-
trodes, the P–Ophase transition is accompanied by the formation
of an unknown phase (X) (Figure 5f).[66] While spinel phase for-
mation is favorable in LiMnO2 and energetically less favorable in
NaMnO2,

[22] a dual interphase layer consisting of a spinel inter-
layer of inactiveMn3O4 and a solid-electrolyte interphase film can
still form on the surface of P-type K0.67MnO2 active particles.

[67]

It should be noted that the larger radius of K ions poses a signif-
icant challenge to the transport of K ions within KxMnO2 ma-
terials thus reducing the value of x in thermodynamic stable
P-type KxMnO2 and inducing more severe structural changes
and distortions.[68–70] This results in a significant decrease in
power density, underscoring the complexity of developing K-ion
batteries.

3. Suppression of High Spin Mn in Mn-Based
Cathodes

The capacity decay in layered Mn-based materials for recharge-
able batteries is closely linked to the Jahn-Teller distortion asso-
ciated with the high-spin electron configuration of Mn3+ and the
resulting charge disproportionation. These undesirable phase
transformations during cycling often lead to irreversible struc-
tural changes and rapid degradation of electrochemical perfor-
mance, presenting significant challenges forMn-based cathodes.
The extent of the structural change is highly associated with the
degree of Mn3+ involved in the redox reactions. To enhance the
electrochemical stability, a key strategy is to suppress the high-
spin state of Mn3+, thereby mitigating the Jahn-Teller effect and
the complex structural transformations that occur during the
electrochemical process. Modulating the electron configuration
of Mn is essential in this context. Chemical substitutions offer a
powerful approach to influencing the valence state of Mn, par-
ticularly in its tetrahedral or octahedral sites. A series of first-
principles calculations have demonstrated the effect of a vari-
ety of chemical substitutions on the valence of Mn and how
this in turn affects the electron configuration of Mn.[72–74] Reed
and Ceder[35] suggested that a strong preference by Mn for oc-
tahedral over tetrahedral coordination should result in reduced
mobility for Mn. A reduced mobility for Mn in turn could in-
crease the resistance of metastable chemically substituted Mn
oxide structures against structural transformation. Their calcu-
lations revealed that the substitution of Mn by low fixed valence
cations (Li+, Mg2+, Al3+) and electronegative multivalent cations
(Co3+, Ni2+, Cu2+) that oxidizeMn3+ (Mn3+ →Mn4+) stabilizeMn
in the octahedral sites while other elemental substitutions with
Zr4+, Sn4+, V5+ can destabilize the layered structure (Figure 6a).
By predicting the effects of these substitutions, it is possible to
maintain Mn in a relatively stable +4 valence state throughout
the electrochemical cycle, ultimately reducing structural distor-
tions and enhancing battery performance.

Modulating electronic and crystal structures ofMn-based cath-
odes by elemental doping and substitution becomes the most ex-
tensive approach to improve the basic physical properties of the
active materials, leading to extensive theoretical and experimen-
tal research on various Mn combinations as widely reported and
reviewed.[5,6,68,69,75–77] The effectiveness of elemental substitution
and vacancy formation lies primarily in their ability to inhibit
Jahn-Teller distortion by adjusting the Mn–O–Sub electron con-
figuration and lattice parameters. This not only improves struc-
tural stability but also creates favorable ion diffusion pathways.
In addition, the Mn–O–Sub bond can increase the spacing be-
tween alkali metal layers, reduce Coulombic interactions in lay-
ered oxides, and suppress undesirable phase transformations, all
of which contribute to improved electrochemical performance.
The cationic disordering, including excessive Li at Mn sites and
Li/Mn exchange, in a Mn spinel material can intrinsically sup-
press the Jahn-Teller distortion of Mn3+O6 octahedrons by break-
ing the symmetry of Mn3+ arrangements to disrupt the correla-
tion of distortions arising from individual Jahn-Teller centers and
prevent the Mn3+–O bonds distorting along one direction and
even make them counteract with each other. As a result, a dou-
ble capacity (≈240 mAh g−1) can be accessed for the disordered
materials with good reversible cycling stability.[78] Replacing Mn
with smaller radius ions can result in a contracted crystal lattice
and microstrains due to the shorter and stronger Sub–O bond
compared to Mn–O. In contrast, larger radius ions are expected
to expand the lattice parameters, facilitating the free movement
of charged ions within the oxide and potentially increasing the
rate capability. In addition, the incorporation of inert cations such
as Mg2+ and Al3+ primarily serves to stabilize the Mn–O layers,
while the combination of Mn with other redox-active elements
can fundamentally alter its electrochemical properties, leading to
improved battery performance.
The calculated qualitative ionization energies for different 3d

ions provide insight into predicting substitutions that can stabi-
lize octahedralMn in a relatively immobile valence state (near+4)
throughout the electrochemical cycle, as presented in Figure 6b.
Adequate substitution of Mn can lead to the formation of inac-
tive Mn4+ as observed for LiNi0.5Mn0.5O2 in which it is gener-
ally understood that both Ni and Mn should have an average va-
lence of+3.However, sinceMn(oct)

3+→4+ is lower thanNi(oct)
2+→3+,

Mn3+ is more likely to be oxidized to Mn+4 by the reduction of
Ni(oct) from 3+ to 2+, resulting in the existence of inactive Mn4+

in LiNi0.5Mn0.5O2.
[79,80] The inactive Mn4+ has been observed in

various Mn-based electrodes, showing better cycling stability al-
though it may partially reduce the initial discharge capacity of the
active materials.[81–83] As demonstrated in Figure 7a, the Mn av-
erage valence was also regulated by partial substitution of Mn
with Ti4+ and Mg2+ ions. While the introduction of Ti4+ ions
reduced the valence of Mn, the Mg2+ ions increase the Mn va-
lence. According to the measured results combined with the cal-
culation of the charge compensation mechanism, the Mn aver-
age valence in K0.5Mn0.7Co0.2Fe0.1O2, K0.5Mn0.6Co0.2Fe0.1Ti0.1O2,
and K0.5Mn0.6Co0.2Fe0.1Mg0.1O2 are +3.714, +3.667, and +4, re-
spectively. The eg orbitals of Mn in K0.5Mn0.6Co0.2Fe0.1Mg0.1O2
is not split, implying that the Mn (+4) is Jahn–Teller inactive.
The K0.5Mn0.6Co0.2Fe0.1Mg0.1O2 cathode exhibits outstanding cy-
cling stability with capacity retention of 91% at 0.1 A g−1 after
150 cycles, and retained 74% of the initial capacity even after
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Figure 6. a) Energy difference of different Mn substitutions with and without tetrahedral Mn, showing the tendency to migrate between octahedral and
tetrahedral sites ofMn under the effects of different substitutions. b) Qualitative ionization energies for 3d ions at various valences in an oxide framework,
in comparison with Mn ionization energies in octahedra and tetrahedra coordination labeled prominently in the center of the figure. Reprinted with
permission from[35] Copyright 2004, American Chemical Society.

500 cycles at 1 A g−1. Overall electrochemical properties of the
active materials are now dominantly generated by the substituted
elements, making it crucial to thoroughly investigate the stability
of these substitutions. For example, electrochemically active ele-
ments used for the substitution ofMn such as Fe and Crmay also
exhibit Jahn-Teller distortions in certain oxidation states during
cycling.[84,85] Nevertheless, the strategy shown in Figure 6b effec-

tively predicts the valence of two ormore substituted ions coexist-
ing in a stable oxide and offers a promising approach to designing
high-capacity cathodes with multiple ion coexistence, as seen in
the stable range of P-type NaxMn1-yMyO2 shown in Figure 4c.
Suppressing the Jahn-Teller effect is not limited to cation

substitutions; it can also be achieved through anion substitu-
tions at the –O sites. Replacing –O with mono atoms such as
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Figure 7. a) Cycling property of K0.5Mn0.7Co0.2Fe0.1O2, K0.5Mn0.6Co0.2Fe0.1Ti0.1O2, and K0.5Mn0.6Co0.2Fe0.1Mg0.1O2 and their XANES spectra of Mn K-
edge. Notably, XANES spectra show that the average oxidation state of Mn in K0.5Mn0.6Co0.2Fe0.1Mg0.1O2 is close to +4. The partial density of states of
Mn 3d electronic orbital in K0.5Mn0.6Co0.2Fe0.1Mg0.1O2 shows that the eg orbitals are unoccupied, revealing the existence of Jahn–Teller inactive Mn4+.
Reproduced with permission from[83] Copyright 2021, John Wiley and Sons. b) Change in the local bonding environment of anions from a stoichiometric
spinel to a Li-excess spinel with Florine substitution. Quantification of Mn redox reactions in LixMn1.6O3.7F0.3 during the initial cycle shows the adaption
of the Mn oxidation state during cycling. The galvanostatic voltage profiles of LixMn1.6O3.7F0.3 at high current rates exhibit high-capacity delivery of the
F-substituted material. Reprinted with permission from[94] Copyright 2020, Springer Nature.

–S, –F, or polyanion groups like –BO3 and –PO4 directly af-
fects the electron configuration and coordination of Mn cen-
ters. This substitution alters the M–O/Sub bond through in-
ductive effects, typically resulting in changes in bond spacing
and ionicity, which in turn affect electron conductivity and elec-
trochemical potential.[86,87] Among different –O site substitu-
tions, the introduction of –F, a more electronegative element,
can drive phase transformations toward more thermodynami-
cally stable structures, lower the energy barrier for alkali ion in-
tercalation, and create additional active sites for ion storage.[88–93]

As shown in Figure 7b, F substitution combined with composi-
tional adjustment from Li-rich Li1.28Mn2O4 to Li1.68Mn1.6(O, F)4
significantly increases the kinetically accessible Li capacity, en-
abling both high energy density and excellent rate capability in
Li-ion spinel battery cathodes.[94] Since the theoretical Mn ca-
pacity is only 178 mAh g−1 in Li1.68Mn1.6(O, F)4, a significant
portion of the observed capacity at 4 A g−1 is still expected to
originate from reversible O redox which is stabilized and facil-
itated by the lack of Mn migration. It should be noted that al-
though the presence of F does not completely eliminate the high-
spin state of Mn, fine-tuning the degree of fluorination along
with structural transformation and electrochemical performance
provides valuable insights from both atomic and molecular
perspectives.

In addition to the introduction of dopants or substitution,
modulation of the electronic and crystal structures of Mn-based
cathodes can also be achieved through the development of so-
phisticated gradient, disordered, vacancy-matched Mn3+, and in-
tegrated phase, core-shell structures, or a combination of these
approaches.[56,95–99] For example, the microstructure design with
interwoven spinel and layered domains has provided new in-
sights into the elimination of the Jahn-Teller effect for a LiMnO2
cathode. At the interface between these two domains, the Mn
d(z2) orbitals are oriented perpendicular to each other, result-
ing in an interfacial orbital order that suppresses the Jahn-Teller
distortion and the consequent Mn dissolution. As a result, the
heterostructured cathode offers improved structural and electro-
chemical cycling stability as providing a high Li storage capac-
ity of 254.3 mAh g−1 and unprecedented cyclability with ≈90.4%
capacity retention after 2000 cycles.[95] By introducing vacancies
into the transitionmetal layer of P2-Na0.7Fe0.1Mn0.75□0.15O2 (“□”
represents a vacancy), the transition metal vacancy serves to sup-
press Na ionmigration to maintain structural and thermal stabil-
ity in Na-depleted states and to trigger a reversible anionic redox
reaction to increase the energy density. As a result, the designed
cathode enables pouch cells with energy densities of 170Whkg−1

and 120Whkg−1 which can operate for over 600 and 1000 cy-
cles, respectively.[99] In another work, a double-layer phosphate of
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K3PO4/MnPO4-coated K0.5Mn0.8Co0.2O2 cathodes shows a higher
electron and K-ion conductivity, less surficial oxygen loss and
layered-to-spinel-to-rock salt tri-phase transition, and less inter-
nal lattice expansion and contraction during cycling. In addition,
first principles calculations imply that the surface modification
can effectively prevent Mn ions dissolution and oxygen release.
The coated materials exhibit a highly reversible specific capacity
(101.3 mAh g−1 at 0.1 A g−1) and excellent rate performance and
capacity retention of 80% after 500 cycles at 1 A g−1 compared
to uncoated one (78.6 mAh g−1 at 0.1 A g−1 with 67.3% capacity
retention).[100] Engineering bulk particles are particularly effec-
tive in stabilizing the structure through mutual effects between
adjacent atoms or layers, while surface modifications are very
useful to resist Mn dissolution in the electrolyte and protect the
electrode materials. Despite these efforts, phase transformation
in Mn-based cathodes is unlikely to be eliminated when the Mn
ions remain in the +3 state throughout the cycling process. By
carefully controlling the reaction parameters and utilizing multi-
ple synthetic routes, it is expected to tailor theMn-based electrode
materials with desired compositional stoichiometry and particle
morphology with crystal phase stability to improve their electro-
chemical properties for practical applications.

4. Conclusion and Outlook

Mn-based materials have shown great potential in the field of en-
ergy storage. However, their practical application has been lim-
ited by the nature of Mn3+ with high-spin electron configuration.
The electron distribution in Mn3+ causes the Jahn-Teller distor-
tions and charge disproportionation, leading to the complexity of
Mn structures and inducing the spontaneous and thermodynam-
ically driven regulation of Mn valence during the electrochemi-
cal cycling. Considerable efforts have been made to theoretically
predict the structural stability based on the compositional mate-
rial design, and then to experimentally investigate the designed
structures. The resistance to crystal transformation of metastable
compounds depends on the relative stability of Mn in octahedral
coordination. Approaches to suppress the violent Jahn-Teller ef-
fect, therefore, have focused on substitution and/or doping of
heterogeneous atoms in the bulk to manipulate the average va-
lence ofMn, as well as on structural designs to control the electro-
chemical properties of the activematerials from the surface to the
core. To date, the intrinsic Jahn-Teller distortion and the result-
ing phase transformation remain a major challenge for the prac-
tical application and commercial widespread use of Mn-based
materials.
Future studies on the suppression of the Jahn-Teller effect in

Mn-based active materials will require the incorporation of mate-
rial design, controlled synthesis, and functionalization, advanced
real-time characterization techniques, and accurate theoretical
calculations. Since there is a dilemma in choosing betweenmaxi-
mizing alkali ion content for high-capacity cathodes and relatively
lower alkali ion content formore stable and faster ion-conducting
active materials, as observed for the O- and P-type layered elec-
trodes, these factors will serve as key techniques to bridge charge
density and structural stability. Since Mn4+ is the most stable va-
lence, it may be desirable to electrochemically cycle Mn between
elevated oxidation states centered closer to +4 rather than across
the +3/+4 redox range. However, a significant loss of capacity

due to the inactive Mn4+ must be considered. Although Mn has
valences higher than +4, the lack of electrolytes that can with-
stand the oxidative strength ofMn at such high valences becomes
the bottleneck issue.
It should be noted that material design combined with theo-

retical calculations can predict the electrochemical potential of
the electrode at which the material will (de)intercalate charged
ions. Increasing the electrochemical potential of the positive elec-
trode material is necessary to increase the energy density of
the energy storage systems. In addition, real-time monitoring
through advanced characterization techniques can detect some
non-equilibrium within short intermediate states to elucidate
the complex phase stability of the Mn-based compounds, pro-
viding an in-depth understanding of the reaction mechanism,
structure-performance relationships, and active material degra-
dation for further development. Finally, achieving high ionic
and electronic conductivity materials and limiting the interfa-
cial/interphase side reactions will narrow the gap between theo-
retical investigation and practical applications of Mn-based cath-
odes for rechargeable batteries.
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