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Mn-based tunnel-structured Nag 44sMnO, cathode
materials for high-performance sodium-ion
batteries: electrochemical mechanism, synthesis

and modifications
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Sodium-ion batteries (SIBs) have emerged as promising and mature alternatives to lithium-ion batteries

(LIBs) in the post-LIB era, necessitating the development of cost-effective and high-performance

cathode materials. The unique crystal texture of Mn-based tunnel-structured cathode materials offers
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outstanding cycling stability, rate capability and air stability, making them a highly attractive option for
sodium-ion storage applications. This comprehensive review summarizes recent advancements in the
understanding of sodium-ion storage mechanism, synthesis techniques, and modification strategies for

Mn-based tunnel-structured cathode materials, thereby significantly contributing to the advancement of

rsc.li/chemcomm

1. Introduction

Sodium-ion batteries (SIBs), characterized by their abundant
resources, high performance, and low cost, are considered a
promising complementary technology to lithium-ion batteries
(LIBs). This makes SIBs particularly suitable for grid-scale energy
storage, offering significant potential for broad applications.' ™
Over the past decade, significant progress has been made in the
development of electrochemical energy storage technologies for
SIBs. Both fundamental research and commercialization efforts
have gained significant momentum, leading to promising
advancements in this rapidly evolving field.” Continuous inno-
vations in material iteration and device engineering optimiza-
tion for SIBs further enhance their potential for future growth in
the energy storage market. In the SIB system, the choice of
cathode material is a critical factor that influences both battery
performance and cost.® One key advantage of SIBs is their ability
to utilize a wide range of cathode materials. Currently, a series of
cathode materials have been specifically developed for SIBs,
encompassing transition metal oxides,”’® polyanionic
compounds,'® Prussian blue analogues (PBAs),"* and organic
cathode materials.'® This diverse array enables researchers and
engineers to tailor the overall battery performance according to
specific requirements, such as high energy density, long cycle
life, or fast-charging capabilities."®

One of the key challenges in advancing SIB technologies lies
in the enhancement and fine-tuning of cathode materials.
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high-performance cathodes for SIBs.

These materials must be optimized to effectively accommodate
sodium ions while facilitating rapid and reversible sodium-ion
insertion/extraction process.’””° Ensuring cycling stability is
crucial for the practical implementation of SIBs in large-scale
energy storage systems. Due to their advantages of abundant
manganese reserves, environment friendliness and low cost,
the study of Na-Mn-O cathode materials has become a key
focus in the research of SIBs.>' The manganese (Mn)-based
layer-structured cathode materials can be further categorized
into P2-Na,y6;MnO, and O3-NaMnO, phase structures based on
the stacking sequences of oxygen atoms and the positions occu-
pied by sodium ions within the manganate-based oxide
structure.”® Here, P and O denote the coordination environment
of Na" in trigonal prismatic and octahedral configurations, respec-
tively. Moreover, 2 and 3 represent the number of transition metal
layers within each cyclic unit of the layered structure.”®> Among
these manganese oxides, the Mn-based tunnel-structured cathode
material Na,MnyO;5 (Nay 4,Mn0,) has been extensively researched
as a promising cathode material for SIBs due to its unique S-type
tunnel structure, which facilitates rapid de-embedding of sodium
ions, along with outstanding cycling stability and superior rate
capability than layer-type cathode.**° This type of Mn-based
tunnel structure material was first reported by Parant et al in
1971, but it was not until 1994 that Doeff and his colleagues
studied this tunnel-type structure as an electrode material for
electrochemical sodium-ion de-/intercalation process.”® The Mn-
based tunnel crystal structure depicted in Fig. 1(a) predominantly
comprises five distinct manganese-ion sites and three different
sodium-ion sites. The Na, 4,4MnO, exhibits the same crystal struc-
ture as Na,Mn,TisO,5 and adopts an orthorhombic structure
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Fig.1 (a) Crystal-structure diagram of Mn-based tunnel-structure
Nag.44MnO,. Reproduced with permission from ref. 40, Copyright (2021),
Wiley-VCH. (b) Seven stable intermediate phases during the cycles of
Na,MnO, (x = 0.19-0.44) obtained from the calculated formation energies.
(c) Contrasting graph of the calculated voltage profile along the minimum
energy path on formation energies and the initial charging/discharging
curve from experimental data. Reproduced with permission from ref. 41,
Copyright (2012), the American Chemical Society. (d) Mn L-edge sXAS data
collected on Na,MnO, cathode at different voltages. (e)-(g) Concentration
evolution of Mn**, Mn** and Mn?* at varying sodium-ion concentrations
from Na,MnO, cathode. Reproduced with permission from ref. 42, Copy-
right (2015), Elsevier. Sodium-ion diffusion energy barriers for the tunnel-
structured Nag 44MnO, demonstrated for the Na-site pairs (h) Na(1)—Na(1);
(i) Na(2)-Na(2); () Na(2)-Na(3); and (k) Na(3)-Na(3). Reproduced with
permission from ref. 43, Copyright (2020), Wiley-VCH.

arrangement (space group: Pbam). The Mn(1) and Mn(2) sites
indicated are occupied by Mn’', while the remaining Mn(3),
Mn(4), and Mn(5) sites are occupied by Mn*". The entire frame-
work is composed of double and triple linear chain structures
with shared edges of MnO6 octahedra, as well as a single chain
structure with shared edges of MnO5 tetrahedra.”* ' Through the
interconnected angles of these polyhedra, adjacent chain struc-
tures combine to form a “pentagonal” one-dimensional tunnel
configuration, along with another S-shaped two-dimensional
tunnel configuration. The sodium-ion sites distributed within
these two types of tunnel structures can be categorized into two
groups: Na(1) site located within the pentagonal tunnel, and Na(2)
and Na(3) sites belonging to the S-type tunnel.*>** Sodium ions at
the Na(2) and Na(3) positions within the wide S-shaped tunnel
structure exhibit rapid diffusion ability along the c-axis direction,
while sodium ions within the smaller pentagonal tunnel are
generally considered immobile under conventional electrochemi-
cal conditions. Consequently, there is limited availability for
extracting sodium ions from this crystal structure, which restricts
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its theoretical electrochemical capacity (121 mA h g~ ") as a high-
energy-density electrode.***> However, its exceptional sodium
ion diffusion kinetics and structural stability continue to be
extensively investigated in non-aqueous and aqueous SIBs.>*°
The size of the tunnel should be adjusted to accommodate the
requirements of Na' insertion/extraction, while Mn-based materi-
als inevitably encounter Jahn-Teller distortion induced by Mn**.
These factors contribute to structural deterioration and Mn dis-
solution of the tunnel structure cathode materials, resulting in
low-rate performance and limited cycle stability.

Therefore, a comprehensive review is imperative to elucidate
and summarize the electrochemical mechanism, synthesis
methods, modification strategies, and other pertinent aspects
of Mn-based tunnel structure cathode materials for SIBs. This
will enable researchers in the field of energy storage materials
to gain a lucid understanding of the research progress and
future development directions in Mn-based tunnel structure
cathode materials, thereby further advancing the fundamental
investigation and industrialization of high-performance SIBs.

2. Sodium-ion storage mechanism

The unique atomic arrangement in the tunnel-type structure of
Na-Mn-O contributes to its exceptional crystal structure stability,
distinguishing it from layer-structure compounds, such as the
P2-type layer or O3-type layer, which undergo significant cell
volume expansion and eventually structure collapse, leading to
inadequate cyclability.”** Therefore, it is crucial to investigate the
sodium-ion storage mechanism in Mn-based tunnel cathode
materials despite their lower reversible capacity. The larger
S-shaped tunnel structure has Na(2) and Na(3) sites that signifi-
cantly contribute to the redox reaction during charge/discharge
processes, while the smaller pentagram tunnel structure contains
Na(1) sites where minimal sodium-ion insertion and de-inter-
calation occur electrochemically.’® Mn ions exist in two distinct
environments: all Mn*" ions and half of the Mn®" ions occupy
octahedral sites (MnO6), while the remaining Mn®" ions are
situated within a square-pyramidal environment (MnO5). The
crystal particle within this structure comprises both Mn*" and
Mn** oxidation states, which are charge-neutral as represented by
the chemical composition Na“;Mn*",Mn**;0> ;5. During the
charging and discharging processes, the range of variation for
the molar ratio of Na/TM primarily lies from 0.22 to 0.66. The
charging process primarily involves the following chemical reac-
tions: Nag,MnO, — 0.22 Na* — 0.22 e~ — Nag,,MnO,. Con-
versely, the corresponding discharge process can be denoted as
Nay4MnO, + 0.22 Na* + 0.22 e~ — Nag MnO,.

Baudrin et al.*® used the potentiostatic intermittent titration
technique (PITT), along with in situ X-ray diffraction (in situ
XRD) measurements, to clearly demonstrate the complexity of
the sodium-ion insertion/de-insertion process. They observed
at least six distinct biphasic phenomena in 2-3.8 V (vs. Na'/Na)
within a composition range of 0.18 < x < 0.64 in the com-
pound Na,MnO,. Kim et al*" conducted density functional
theory (DFT) calculations to investigate the structural and
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electrochemical properties of Nay4,MnO, cathode material.
They identified seven intermediate phases and two-phase reac-
tions, which were consistent with the experimental data
(Fig. 1(b) and (c)). Furthermore, they highlighted that despite
the presence of Mn®" ions throughout all electrochemical
cycles, the crystal structure of Nay44MnO, does not undergo
structural transformations due to its unique arrangement of an
oxygen lattice along the ag-axis rather than cubic close-packed
layers. Additionally, they found that the migration of Mn ions
into neighboring vacant sodium-ion sites is unfavorable, and
structures with varying sodium-ion content ranging from 0.22
to 0.66 in the crystal structure are more energetically stable
compared to nearby Na-Mn-O compounds. These factors con-
tribute significantly to maintaining structural stability and
ensuring superior cycling performance during the sodium-ion
extraction/insertion processes for tunnel-structure cathode
materials. Afterwards, Kim and his colleagues®® further inves-
tigated the sodium-ion intercalation/de-intercalation behavior
of Nay 44MnO, tunnel-structure cathode materials by utilizing
electrochemical impedance spectroscopy (EIS) measurements.
They discovered that the apparent sodium-ion diffusion coeffi-
cients in organic electrolyte systems ranged from 5.75 x 10~
to 2.14 x 10~ cm?® s~'. Additionally, the CV curve exhibited at
least six redox reaction processes that aligned with the corres-
ponding charge/discharge curves. Aurbach et al.** combined
various characterization methods, including X-ray diffraction
data, 3D bond valence difference maps and X-ray diffraction data.
The barrier-energy calculations of sodium diffusion were used to
study the sodium-ion intercalation mechanism. The ion migra-
tion during the contributions of Na(2) and Na(3) sites in the S-
shaped tunnel structure was further confirmed (Fig. 1(h)—-(k)).
In addition to investigating the evolution of the crystal structure
within the bulk structure during the charging and discharging
processes, comprehending the alterations in surface structure
also plays a pivotal role in influencing electrochemical perfor-
mance. Yang et al.*? conducted an extensive analysis utilizing
surface-sensitive soft X-ray absorption spectroscopy (SXAS) to
quantitatively explore the transformation of Mn on the surface
area of tunnel-structure cathode materials Na, ,,MnO, with varying
potentials and electrochemical cycle numbers. They discovered that
below an electrochemical potential of 2.6 V, the specific formation
of Mn** occurs solely on the outside layer of crystal particles for
10 nm, which is not detected in the bulk material (Fig. 1(d)-(g))-
Moreover, after prolonged cycles, some of these surface com-
pounds, including Mn**, become electrochemically inactive, con-
tributing to the degradation of discharge capacity.

The electrochemical sodium-ion storage mechanism of Mn-
based tunnel structure cathode materials has been extensively
investigated by researchers using in/ex situ characterization
means and theoretical calculations. These studies have focused
on understanding the electrochemistry behavior of Mn-based
tunnel structure materials during the charge and discharge
processes from the perspectives of crystal structure, local
structure and electrochemical property. However, further atten-
tion can be given to the crystal structure and surface chemical
environment evolution of cathode materials after long cycles
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and variations in sodium-ion transport channels in the tunnel-
type crystal texture.

3. Material synthesis

Researchers have employed various synthesis methods to prepare
Mn-based tunnel structure materials to investigate their sodium-
ion storage properties and electrochemistry mechanism as a
cathode in SIBs, including the high-temperature solid-phase
method, sol-gel method, co-precipitation method,*” and hydro-
thermal method. The following section presents the commonly
utilized synthesis methods in Mn-based tunnel structure materials.

3.1 Solid-phase method

The high-temperature solid phase method is one of the common
synthesis solutions for transition-metal-oxide cathode materials.
The synthesis approach possesses the benefits of a straightforward
procedure, convenient access to raw materials, manageable regula-
tion of reaction conditions, and economical production expenses.
Consequently, it has extensive application in the synthesis of
diverse inorganic materials for both fundamental scientific inves-
tigations and industrial production. However, there are certain
drawbacks associated with this approach, including high energy
consumption, lack of uniformity in material composition, tendency
for particle agglomeration, wide distribution of particle diameters,
and a significant proportion of larger-sized grains. The synthesis of
Na,MnO, by applying the high-temperature solid phase method is
mainly based on the uniform mixing of sodium source and
manganese source according to the designed stoichiometric ratio,
and the precursor preparation is formed through mechanical
mixing. The chemical reaction of crystallization progress occurs
under high-temperature conditions; finally, the Mn-based tunnel
cathode material is obtained. By adjusting the synthesis para-
meters, Baudrin et al.*® successfully prepared a highly crystalline
pure Na, 4sMnO, cathode material using the solid-phase method.
The specific procedure involved thoroughly grinding Na,CO; and
MnCO; in a mortar, followed by heating in air at 300 °C for 8 hours,
and then at 800 °C for 9 hours with intermittent grinding. Electro-
chemical testing and in situ XRD technique characterization
revealed significant changes in the polarization effect and specific
capacity of the Nay 44,MnO, cathode during sodium ion insertion/
removal progress. Avci et al*® utilized a mixture of Na,O, and
MnO,, which were uniformly blended using an agate mortar in a
glove box filled with Ar gas. The resulting mixture was then sintered
at 750 °C for 24 hours in air. The growth of tunnel-structured
nanorods initiates at 650 °C, with their orientation being perpendi-
cular to the grain boundaries (Fig. 2(a)). Besides, it was observed
that the presence of excess Na is crucial for the formation of rod-
shaped tunnel structure Nay 4,sMnO, (Fig. 2(b)).

3.2 Liquid-phase method

The sol-gel method involves the utilization of inorganic salts
and other raw materials to dissolve them in a solution, form a
sol, and then cure it into a gel. This process is employed to
prepare precursors for cathode materials. Subsequently, these
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Fig. 2 (a) Ex situ XRD patterns of Nag44MnO, sample during heat treatment progress. (b) Differential thermal analysis (DTA) and thermogravimetric analysis

(TG) data of the heating progress on the composition of Na,O, and MnO,. Reproduced with permission from ref. 48, Copyright (2015), Elsevier. (c) SEM image;
(d) TEM image; and (e) schematic of the crystal particle growth and structure formation of nanorods and nanoplates. Reproduced with permission from ref. 49,
Copyright (2016), Elsevier. (f) XRD patterns of tunnel-structured nanorods, Nag 44MnO,, prepared via hydrothermal synthesis at different hydrothermal reaction
temperatures. The electrochemical performance of Nag44MNnO,/graphene and pristine Nag 44MnO, cathode: (g) cycle performance at a current density of
50 mA g~* and voltage range of 2.0-4.0 V; (h) rate capability. Reproduced with permission from ref. 50, Copyright (2019), Springer Nature.

precursors are subjected to heat treatment in a furnace, resulting
in the desired chemical products. Utilizing the sol-gel method
can effectively address the issue of the large grain size commonly
encountered during solid-phase synthesis progress. Moreover,
this approach enables the production of tunnel-type structure
cathode materials with small particle sizes ranging from nan-
ometers to microns. However, it is important to note that there are
few drawbacks associated with synthesizing Mn-based tunnel
cathode materials using the sol-gel method. These include higher
costs due to expensive raw materials and the potential release of
gases and organic compounds during both drying and high-
temperature calcination processes, which may have adverse
effects on environmental conditions in large-scale production.
Xu and his colleagues® synthesized a Na, 44MnO, cathode mate-
rial with a unique morphology of elongated submicron slabs.
Through precise control of the fabrication process and the use
of specific chelating agents, they successfully manipulated the
crystal structure and morphology of the resulting product.
The resultant cathode material demonstrated exceptional disper-
sibility, ultra-long length, and significantly reduced thickness
in the direction of sodium-ion deintercalation. Furthermore, the

806 | Chem. Commun., 2025, 61, 803-816

cathode material prepared using this method exhibited a high
capacity exceeding 120 mA h g™, Li et al.*® successfully synthe-
sized Na, 44MnO, nanoplates with a monocrystalline orthorhom-
bic structure using the sol-gel method assisted by templates.
These nanoplates exhibited exceptional characteristics, such as
high crystallinity, a pure phase, and a uniform size distribution
(Fig. 2(c) and (d)). By subjecting polystyrene and citric acid to
high-temperature calcination, a reductive carbothermal environ-
ment was created that effectively hindered the formation of one-
dimensional particles and restricted particle growth along the
[001] direction. The lamellar structure of Na,4,MnO, material
provided mechanical stability and facilitated short diffusion paths
for efficient insertion/de-insertion of sodium ions due to its
suitable channels and controlled morphology with limited crystal
growth along the [001] direction (Fig. 2(e)).

The hydrothermal method is a widely utilized wet chemical
synthesis method in which target products are synthesized
under high temperature and high pressure by dissolving
chemical raw materials in a solution. The particles of cathode
materials produced using this method exhibit uniformity, and
the morphology of the resulting products can be controlled by

This journal is © The Royal Society of Chemistry 2025
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adjusting reaction conditions and reactants. Additionally, the
synthesized materials possess high purity. However, it should
be noted that the hydrothermal method requires extensive
reaction time, yields lower output, and necessitates advanced
equipment, technology, and safety. In terms of synthesizing
Nay 44sMnO, using a hydrothermal synthesis approach, soluble
sodium salt and metallic manganese oxide serve as primary raw
materials, while water or other solvents act as mediums for
conducting chemical reactions within a high-pressure reactor.
Wang et al.>® successfully synthesized Na,44,MnO, nanorods
by optimizing the experimental parameters of the hydro-
thermal method (Fig. 2(f)). The conductivity of the material
was increased by combining graphene with Na, 44MnO, nanor-
ods. Na, 44sMnO,/graphene exhibits even better electrochemical
performance, with an electrochemical discharge capacity of
106.9 mA h g~ ! and superior rate capability. After 100 cycles,
the capacity retention rate of the Na, 4,4MnO,/graphene cathode
material reached 85.9% (Fig. 2(g) and (h)).

3.3 Other synthesis methods

In addition, some other preparation methods have been employed
for the synthesis of Mn-based tunnel structure cathode materials,
including the electrospinning technique, spray pyrolysis method,
combustion method and molten salt method. Electrospinning is a
flexible and practical method for producing fibers of varying
diameters, ranging from nanometers to micrometers, with lengths
that can extend up to kilometers. Wang et al>> reported the
successful creation of two distinct hierarchical structures of
Na, 44MnO, using an optimized electrospinning technique, fol-
lowed by controlled annealing processes. The structure consists of
single-crystalline nanorods (NR) and demonstrates excellent cyclic
stability, maintaining a reversible specific capacity of 120 mAh g *
even after undergoing 140 cycles. However, the structure
composed of nanofibers (NF) exhibits remarkable rate perfor-
mance with a reversible specific capacity of 69.5 mA h g~ * at a
high current density of 10C, which can be attributed to its unique
one-dimensional ultralong and continuous fibrous network archi-
tecture. Axelbaum et al> utilized a cost-effective and scalable
technique, namely spray pyrolysis, to synthesize Na-Mn-O cathode
material possessing tunnel structures. In the initial electrochem-
istry cycle, a discharge capacity of 115 mA h g~ was achieved,
while the material demonstrated favorable cycling stability and
rate capability. Solution combustion synthesis is a highly promis-
ing technique for the controlled preparation of various functional
oxide materials.>* This method involves an exothermic and self-
sustaining redox reaction, which occurs upon heating a mixture of
aqueous metal nitrates and organic fuels, such as glycine and urea.
Zhu et al.>® successfully synthesized tunnel-structured Nag 4sMnO,
using a simple and controllable solution combustion synthesis
method, followed by the progress of calcination. The optimized
Nay 44MnO, electrode exhibited excellent electrochemical perfor-
mance, including a high reversible capacity of 117 mA h g * at
0.1C, good rate capability, and outstanding cyclability with a high
capacity retention of 100 mA h g~' after undergoing 300 cycles
at 4C rate. In addition, the synthesis of a high-performance
Nay 44MnO, cathode is attempted using molten salt chemistry.56
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Na,CO; and Mn,O; are employed as reactants, while sodium
chloride is utilized as the molten salt. The resulting product
demonstrates exceptional long-term cycling stability, with a capa-
city retention rate of 85.4% after 500 cycles. This outstanding
electrochemical performance is further confirmed through con-
tinuous cycling tests in full-cell, where the capacity retention rate
remains at 80.5% after 300 cycles at a 1C rate. The future direction
of development not only involves further investigating the mecha-
nism of crystal structure and morphology transformation in the
synthesis processes of reported methods on cathode materials but
also entails exploring innovative synthesis strategies suitable for
Mn-based tunnel structure cathode material preparation.

4. Modification strategy
4.1 Bulk phase structure doping

Although the Mn-based S-shaped tunnel structure cathode has
higher crystal structure stability than the layer structure cathode,
the long-term cycle process still faces the issue of discharge
capacity attenuation.>” The cell volume expansion caused by
sodium ions entering the tunnel structure also leads to lattice
changes and phase transitions in the Mn-based cathode mate-
rial, making it challenging to achieve superior electrochemical
stability. The continuous embedding/removal of sodium ions in
the Mn-based tunnel cathode material, as well as the sodium-ion
diffusion ability in the matrix framework of the tunnel-structure
cathode material gradually reduces, restricting its specific
capacity value and rate performance upon discharge progress.
To address these issues, the ion doping strategy has been
extensively adapted to reform the intrinsic crystal structure of
tunnel-type architecture cathode materials and improve their
corresponding electrochemical performance.

4.1.1 Transition metal site doping. Transition metal site
doping is an effective strategy for enhancing the electrochemical
properties of Mn-based tunnel cathode materials. To mitigate the
negative impact on the electrochemical progress of tunnel cath-
ode material Nag 44MnO,, in an early study by Zhou et al.,*' Ti*"
was identified as a promising dopant candidate due to its similar
valence state as Mn*" in tunnel structure Nay,MnO,. The
researchers synthesized a new tunnel cathode material
Nay 61 Tip.4sMny 5,0, using the solid-phase method where approxi-
mately half of the manganese ion was replaced by titanium ion.
The resulting cathode materials demonstrated a reversible dis-
charge capacity of 86 mA h g~* with an average voltage of 2.9 V,
and the capacity retention rate reached 81% after 100 cycles. Wu
et al”’ discovered that the incorporation of titanium ions into
cathode materials with an Mn-based tunnel structure not only
enhances the diffusion ability of sodium ions but also mitigates
lattice stress. The galvanostatic intermittent titration technique
(GITT) test demonstrates a significant improvement in Na* diffu-
sion dynamics upon the introduction of titanium into the crystal
structure. Moreover, during the extraction/insertion process of
Na', there is merely a minimal cell volume change of 5.26%,
indicating its low-strain characteristics in Ti-substituted
Nag 44Mn,_,Ti, O, cathode materials. The material demonstrates
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a remarkable capacity of 96 mA h g, even under the condition of
a high rate of 5C. Moreover, it exhibits exceptional cycling stability
with an impressive retention rate of approximately 74% over 1000
cycles. Zhang et al®” employed 4d metal cation Zr ions to
substitute Mn ions in the tunnel structure of Nay,,MnO, for
crystal structure optimization and electrochemical performance
enhancement. The inclusion of Zr ions in Nag44Mng 9gZr( 0205
samples with a tunnel structure results in an impressive initial
discharge specific capacity of 112 mA h g~ and significantly
improves the Na" diffusion coefficient, thereby achieving excellent
rate characteristics. In situ XRD analysis reveals that Zr-doped
Nag 44Mng 9gZr 020, structures exhibit negligible cell volume
changes within the charge and discharge range of 2.0-3.0 V. This
experimental analysis highlights superior Na" diffusion kinetics
and stable electrochemical cycling properties of tunnel structures
doped with Zr 4d metal ions. To enhance the reversibility of
electrochemical reactions and phase transitions of tunnel-
structure cathode materials, Zhou et al.”® introduced Mg>" into
the MnO5 square pyramidal hinge in the Nay44MnO,. This Mg-
doping modification improves Na* diffusion kinetics and reduces
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the de-sodiation energy in the tunnel structure. The Mg-doping
cathode Naj 44Mng 95sMgo 050, can maintain 67% of the initial
capacity retention after 800 cycles at 2C. X-Ray diffraction (XRD)
and X-ray absorption spectroscopy (XAS) confirm the excellent
reversibility of structure changes and charge compensation
during electrochemical processes. The XRD analysis using
synchrotron-based time-resolved techniques reveals that Nag 44-
Mn, 95Mgy 050, cathode has a single phase without intermediate
phases during high-rate electrochemical processes, as depicted in
Fig. 3(a), which distinguishes it from most Mn-based layer-
structure cathode materials. In addition, the poor performance
and stability of Nay 44MnO, can be attributed to the presence of
trivalent manganese ions with the Jahn-Teller effect. Wu et al.>®
effectively substituted trivalent iron ions for these trivalent man-
ganese ions within the tunnel structure of Na, 4,MnO,, resulting
in a reduction in the Mn*" to Mn*" ratio and alleviating the
negative impact of the Jahn-Teller effect on its electrochemical
behavior as a cathode material with a tunnel structure (Fig. 3(b)).
Raman spectroscopy and X-ray photoelectron spectroscopy (XPS)
confirmed the partial replacement of trivalent manganese ions

C h
SN U
T Nemor
2 .
..... S ~ narrow
£
8 F-doping
3 !
g fast o
° '3 O
.......... 3 °
Al 1st charge S 3
J . E
212 206 £ 20 25 30 35 40 broad

Voltage (V)

26 (degree)

1st cycle

=
=)

Wl
3

24 mA/g

Potential (V vs. Na/Na*)
N w
o o

NMO
—— NCMOF

0 30 60 90 120

g
=}

Nan_uM"ol'Fe Specific capacity (mAh/g)
Na,Mn; 0 ‘w“s{
150 20 f -
ae Hard C// NCMOF
< 4p0 ] mw R 100 &
£ ] 2
= 180 ¢
g 904 S
- a Ry 81.6% 10 §
2 40 E
S E
2 30 ° 24mAlg G857 72.2% 3
N o 120 mA/g 120 3
0L . . , 0
0 =Y 100 130 200 NCMOF Hard carbon

Cycle number

Fig. 3 (a) Ex situ XRD data of Mg-doped tunnel cathode during charge/discharge progress at 0.2C, 5C, and 30C. Reproduced with permission from

ref. 58, Copyright (2021), Wiley-VCH. (b) Synthesis progress of Fe-doped tunnel cathode materials and systematic elucidation of the Fe doping
mechanism. Reproduced with permission from ref. 59, Copyright (2024), Elsevier. (c) Boosting effect on the electrochemical property of synergetic
anion-cation co-doping in Nag 44MnO, tunnel-phase cathode. (d) Charge/discharge curves during the initial cycle in voltage ranging from 2.0 to 4.1 V.
(e) Cycle performance of the full cell. (f) Schematic diagram of the assembled full cell by Cu/F co-doping tunnel cathode and hard carbon anode.
Reproduced with permission from ref. 60, Copyright (2024), Elsevier.
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with trivalent iron ions. The doped Nay 44Mng g94F€( 0060, cath-
ode material exhibits enhanced electrochemical kinetics, parti-
cularly evident in its rate performance at a reversible capacity of
87.9mA h g ' at 2C.

The cation co-doping methods were also employed to facil-
itate Na' insertion/extraction behavior and stabilize the tunnel
crystal structure to further enhance its comprehensive electro-
chemical properties. Through the implementation of metal ion
co-doping techniques, a favorable balance and enhancement in
overall material properties encompassing structure, morphol-
ogy, discharge capacity, cycle life, and rate performance are
anticipated in the tunnel-type structure cathode. The Mg-doped
Mn-based materials with a tunnel structure exhibit a higher
discharge capacity than the original tunnel structure cathode,
while non-electrochemically active Ti-doped tunnel structure
materials sacrifice part of the electrochemically active element
in favor of crystal structure stabilization, resulting in a lower
initial discharge capacity. Remarkably, the synergistic effect of
trace amounts of Mg and Ti leads to a more stable crystal
structure and superior electrochemical performance of the co-
doped cathode material Nag 44Mng go5Tip1Mgo.0050,. By simulta-
neously introducing magnesium ions and titanium ions into the
crystal structure, it is possible to expand the cell lattice, resulting
in enhanced structure stability, enlarged tunnel size, reduced
length-to-diameter ratio for facilitating Na* insertion/extraction,
and increased ion diffusion rate. The cathode Nag 4,Mng gos-
Tip1Mgo 0050, exhibits an impressive specific capacity of
80.0 mA h g~ at a high rate of 20C, demonstrating a remarkable
capacity retention rate of 67% even after the ultra-long cycle of
2000 times.®* Qian’s research group®” introduced three kinds of
metal elements (Al, Ti, and Co) into the Mn-ion sites simulta-
neously to form a medium-entropy substituted tunnel-type
Nag 44Mng 97 Alg01Ti0.01C00.010, material. The medium-entropy
substitution increases the spacing of lattice fringes and replaces
Mn ions in the Na,,,MnO, effectively. The optimized cathode
material exhibits excellent rate performance, achieving a rated
capacity of up to 80 mA h ¢! at 20C and maintaining a high
capacity of 78 mA h g~ " after 2000 cycles at 10C.

4.1.2 Sodium-ion site doping. Researchers have made
efforts to control the occupancy of sodium ions within the
Mn-based tunnel structure, aiming to regulate this ion site for
outstanding electrochemical performance. The stoichiometry of
sodium ions and other metal ion species/content at the sodium-
ion site significantly affects the electrochemical performance of
Na-containing compound electrode materials. In the initial
research process on the tunnel-structure cathode material, B.
Raveau et al®® successfully synthesized a cathode material,
Na, ;Ca; gMngOyg, with Mn-based tunnel structure by incorporat-
ing Ca®" into the sodium-ion vacancy of crystal texture, which has
a similar ion radius as sodium ions but differs mainly in cationic
deficiency, distribution and positions within the tunnels.
Moreover, increasing sodium-ion content in Mn-based tunnel
structures is employed to improve the electrochemical perfor-
mance of Mn-based electrode material.”® Liu et al.®* reported a
newly developed sodium-rich tunnel-type Nao,¢MnO, material,
which was synthesized using a cetyltrimethylammonium bromide
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(CTAB) surfactant as a template-assisted agent. The rapid diffu-
sion kinetics and superior storage ability of Na’ within the
framework during charge/discharge progress were confirmed
through GITT and ex situ XRD, respectively. Besides, other metal
cations suitable for doping and occupying the sodium ion sites in
the tunnel structure are also mapped. Wu et al.®® introduced K
ions with a larger radius than sodium ions into the Mn-based
tunnel structure cathode material with an overall chemical com-
position of Na, 5K, 1MnO,. However, its phase composition exhib-
ited a composite structure consisting of Na,MngO;3 and KMngO,
phases. Despite this composite phase nature, it still demonstrated
excellent electrochemical cycling stability and rate performance as
a cathode material for SIBs. A discharge capacity of 82.2 mAh g™+
could be sustained for 300 cycles at a rate of 1C, and at a high rate
of 4C, the cathode obtained over 70 mA h g~'. Moreover, this
material demonstrates an electrochemical capacity that exceeds
the theoretical capacity of the tunnel structure, reaching an
impressive value of 142.3 mA h g™, In future studies, introducing
trace amounts (<5%) of cations similar to or slightly larger than
the radius of sodium ions into the Mn-based tunnel structure may
play an important role in enhancing its structural stability and
electrochemical performance.

4.1.3 Anion site doping. In addition to the two cation sites
occupied by the transition metal and sodium ion, some
researchers have employed heterogeneous anions to modify
the oxygen-anion sites within the Mn-based tunnel crystal
texture.’® Oxygen atoms play a crucial role in bridging atoms
between pairs of transition metals, forming TM-O-TM interac-
tions in transition metal oxide compounds. Anionic dopants
often exert distance-dependent effects on specific properties at
low doping concentrations. Zhou et al®” introduced higher
electronegative fluorine ions into the Mn-based tunnel struc-
ture by doping to obtain a series of F-doped Naggs[Mno 6
Tip34]02 +Fx (x < 0.1) tunnel structure cathode materials,
resulting in increased sodium ion content in F-doped tunnel-
type crystal structures due to the promotion effect of high-
molar-ratio titanium ions on the thermodynamic stability of
the tunnel structure. The optimized stoichiometry F-doped
tunnel structure cathode Nag 6[Mno.66T10.34]01.04F0.06 €xhibits
a reversible capacity of 97 mA h g ' along with a cycle
performance to maintain 85 mA h g~* at 2C after 100 cycles,
accompanied by extremely low voltage polarization levels.
Furthermore, the Nay 6[Mng 66Ti0.34]01.04F0.06 cathode displays
superior electrochemical performance under low-temperature
conditions attributed to enhanced thermodynamics and
kinetics resulting from fluorine doping. Nages[Mng e6Tio.34]-
O1.04Fp0s cathode demonstrate a reversible capacity of
84mAhg 'at0°Cand61.5 mAhg 'at —20 °C, respectively.
In a subsequent study, Liu et al.®® incorporated fluorine ions
into pure Mn-based tunnel structure cathode material
Na, 44MnO, and observed the phase transition from the tunnel
structure to the layer structure, resulting in the formation of a
composite-structure cathode material with both tunnel and
layer structure phases. A superior discharge capacity perfor-
mance of 109 mA h g~ ' is achieved at a high rate of 5C,
demonstrating an impressive capacity retention of about 79%
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even after 400 cycles. This finding demonstrates that F-
substitution can effectively modify the tunnel-type structure and
enhance its electrochemical activity, providing an exemplification
for developing high-performance cathodes with composite struc-
tures for SIBs by introducing halogen anions as ion substitutes for
lattice oxygen ions. In recent studies, a combination of cations
and anions with different merits for crystal texture has been
employed to enhance the electrochemical performance of tunnel
structure cathode materials. Fu et al.*® collaborated on anion-
cation co-doping to modify the cathode material of an Mn-based
tunnel structure by incorporating Cu** and F~ ions into the
conventional tunnel-type cathode material Na,4,MnO,, aiming
to break through the electrochemical property limitations. By
preserving the intact crystal structure of the tunnel material, the
robustness of the tunnel framework remains unaffected even after
numerous cycles, ensuring a stable platform for the continuous
extraction/insertion processes of Na' (Fig. 3(c) and (d)). The
combination of anion-cation co-doping results in a synergistic
effect, leading to improved Na" diffusion rate and highly stable
cycling performance. Specifically, the capacity retentions after 150
cycles at the current density of 120 mA g~ reach 98.9% and after
200 cycles at the current density of 360 mA g~ can achieve 98.0%.
The modified cathode material is combined with the hard carbon
anode material to construct the full cell, as shown in Fig. 3(e) and
(f), demonstrating capacity retention of 81.6% after 100 cycles and
72.2% after 200 cycles at a current density of 120 mA g™ .

Although various heterogeneous ions are substituted at
different ion sites in Mn-based tunnel-type cathode materials,
the modified materials exhibit exceptional electrochemical per-
formance. It is crucial to further comprehend the ion-doping
mechanism for enhancing the crystal structure properties of Mn-
based cathode materials and guiding the development of novel
strategies for ion substitution modification strategy. Further-
more, unexplored elements can be employed for trace ion
substitution to facilitate further investigation of modifications
in the crystal structure and electrochemical properties.

4.2 Surface modification

Surface modification is a highly practical tailoring method for
mitigating side reactions on the outer surface of cathode materi-
als, effectively enhancing chemical stability and electrochemical
properties. Park et al.®® successfully designed and fabricated a
relatively uniform dispersion of hybrid coating networks con-
sisting of AlL,O; and MWCNTs onto the surface of tunnel-
structure crystal particles, which exerted an inhibitory effect on
the formation of damaging NaF-based solid-electrolyte interface,
thereby facilitating rapid sodium ion transfer across the tunnel
structure cathode/electrolyte interface. The rate capability and
long-term cyclability of the tunnel-structure cathode were signifi-
cantly enhanced through the incorporation of Al,0;/MWCNT.
The upper limitation of the operating potential set for the
tunnel-structure cathode in most previous studies is typically
kept at about 4.0 V to prevent rapid discharge capacity degrada-
tion during cycle progress. Wang et al.”® conducted a layer of
Al,O; coating on the surface of a tunnel-structure cathode to
enhance its electrochemical properties at a high cut-off voltage.
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The Al,O;-coated tunnel-structure cathode materials were pre-
pared using a simple effective chemical coating method, and the
corresponding coating amount was optimized to achieve this
goal of enhancing high-voltage tolerance. The Al,Os-coated
strategy effectively prevents the tunnel-structure cathode from
undergoing direct contact reactions with the electrolyte and
mitigating cell volume expansion during electrochemical pro-
cesses. The resulting submicron rods with a 2 wt% Al,O; coating
exhibited increased electrochemical performance in the voltage
range of 2.0-4.5 V, delivering an initial discharge capacity of
109.8 mA h ¢~ " at 0.4C and maintaining a capacity retention rate
of 93.2% even after 200 cycles. Considering the analogous
chemical properties between In,O; and Al,O3, as well as its
superior inertness and electrolyte resistance compared to
AlLO;. Feng et al”' employed a precipitation method to coat
In,0; onto Na, 44,MnO, cathode material synthesized using a
solid-state reaction method. Their findings demonstrate signifi-
cant improvement in the electrochemical performance of 1 wt%
In,0s-coated Naj44MnO,, compared to pristine Nag,,MnO,,
with an increase in capacity retention from 70.3% to 86.7% after
cycling for 400 cycles at 1C under a high cut-off voltage of 4.5 V.
These electrochemistry property enhancements can be attribu-
ted to the protective effect of In,O; coating, which effectively
mitigates undesired structure changes occurring during cycle
processes and suppresses complex side reactions between the
tunnel-structure cathode and electrolyte.

In addition to the conventional oxide coating tactics, Myung
and his colleagues’ propose a melt-impregnation technique at
350 °C to incorporate (NH,),Mo00O, with unfavorable surface
sodium residues on Nay44MnO, crystal particles, resulting in
formatting an electro-conducting Na,MoO, nanolayer on the
tunnel-type Na,44,MnO, compound’s surface (Fig. 4(a)). The
1.5 wt% Na,MoO,-coated tunnel-structure cathode achieved
long-term cycle stability at an ultra-high rate of 60C at the
current density of 7.2 A g~ ' and maintained a capacity of
approximately 56 mA h g~* without experiencing notable capa-
city decay for 1000 cycles (Fig. 4(b)). This remarkable cycle
achievement can be attributed to the multifunctional effects of
Na,MoO, coating on the active compounds, facilitating electron
transfer and providing protection coating against HF attack in
the organic electrolyte environment during electrochemical reac-
tions (Fig. 4(c)). In contrast, Huang et al.”> adopted a different
approach by utilizing a Na-rich layer oxide (Na,TiO3) as a
multifunctional coating layer to modify the cathode material
composed of tunnel-structure nanorods (Fig. 4(d)-(f)). The opti-
mized 3 wt% Na,TiOs-coated Na, 4,MnO, exhibits an exception-
ally high capacity-retention rate of up to 96.7%. Besides, this
modified cathode exhibited ultra-stability rate cycle perfor-
mance, achieving a capacity of 80.2 mA h g™ at a rate of 20C
and retaining 97.7% of its capacity after 900 cycles. Na,TiO;
coating acts as a reservoir for sodium ions and serves as an
effective protective layer against electrolyte etching on the outer
structure of Na, 4,MnO,. Additionally, it should be noted that a
2D-layered Na,TiO; coating functions to provide extra pathways
other than [001] for sodium-ion diffusion along radial directions
within nanorods, thereby reducing migration distances to
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Fig. 4

(a) Formation process for the Na,MoO,4 coating on the surface of crystal particle in Nag 44MnO, cathode. (b) Initial 5 cycles at 0.1C and long-term

cyclability performance at 60C for the coated tunnel-structure cathode Nag 44MnO.. (c) Schematic of sodium-ion transfer behavior through the Na,MoO,4
coating layer during the charge/discharge process. Reproduced with permission from ref. 72, Copyright (2019), the Royal Society of Chemistry. (d) Synthesis
process of Na,TiOz-coated tunnel-structure cathode. (e) Charge/discharge curves of pristine tunnel structure and 3 wt% Na,TiOs-coated tunnel structure
cathode at 0.1C from 2 to 4.5 V. (f) Rate property of varying amounts of Na,TiOz-coated between 2 and 4.3 V. Reproduced with permission from ref. 73,
Copyright (2023), the American Chemical Society. (g) Rate and cycle performance of industrial-grade cathode material Nag 44Mng gsTip 1502 and the inset

graph corresponding to the optical picture of the industrial sample. Reproduced with permission from ref. 74, Copyright (2024), Wiley-VCH.

improve the rate performance of tunnel-structure compounds.
Although the cathode material of the Mn-based tunnel structure
exhibits favorable air stability, it is still susceptible to the side
effects of surface residual alkali. In a recent investigation,
Xiao et al.”* successfully mitigated this issue by constructing a
Ti-containing epitaxial stabilization layer. Meanwhile, they pre-
pared a substantial quantity of industrial-grade Nag44Mnggs-
Tip150,, and the assembled coin full cell and 18650 battery
retained superior electrochemical properties (Fig. 4(g)). Although
surface modification has yielded favorable results in enhancing
the properties of Mn-based tunnel-structure cathode materials,
the current range of reported coating materials and specific
coating method remains limited. Therefore, it is imperative to
utilize experiments and theoretical calculations to explore some
new coating agents to potentially uncover unforeseen enhance-
ments in electrochemical properties.

4.3 Composite structure construction

Although the Mn-based tunnel structure cathode material
offers outstanding structural stability and electrochemical cycle

This journal is © The Royal Society of Chemistry 2025

stability, its sodium-ion storage capacity is relatively lower than
that of the Mn-based layer-type structure cathode. To address
this property limitation, a composite phase cathode material
with a combined Mn-based layer-structure Na,;MnO, with
high capacity and tunnel-structure Na, 44MnO, with high cycle
stability has been developed to obtain a synergistic effect.”>”®
The reported literature presents two main distinct approaches
for obtaining such layer-tunnel composite structure cathode
materials: (1) the incorporation of heterogeneous ions into the
Mn-based tunnel structure material leads to a partial transfor-
mation of tunnel-type structure into a layer-type structure
during synthesis progress, resulting in the final formation of
a hybrid phase consisting of both tunnel and layer structures.
(2) Meticulous design of an appropriate sodium-ion content
within the layer-tunnel composite structure and subsequent
necessary modifications accordingly.

Chen et al”” synthesized a series of Nay4sMn;_,Co,0,
cathode materials by doping Co®", resulting in Co®" substitu-
tion into a tunnel-structure cathode for a lower ratio of Mn**. It
was observed that an increase in Co content with a strong
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preference for octahedral coordination ions led to a transition
from a tunnel structure to a layer structure and the formation of
a layer-tunnel composite structure. The part of the tunnel-type
crystal structure could transform into the P2-type layer
structure when the sodium content is 0.44 in Nagy4,Mng g,-
Coy,0s0, compound, with further increase in Co content for
Nay.44Mng g9C0¢ 110, compound, in which the P2 layer struc-
ture would be more thermodynamically stable in the final
chemical product. Subsequently, the same research team intro-
duced nickel ions and magnesium ions into the Mn-ion site of
the tunnel structure Na, ,,MnO,.”® It was observed that as the
introduction of nickel ions or magnesium ions increased in the
structure, the Mn-based tunnel structure underwent a crystal
structure transformation into a layer structure. Within a certain
range of heterogeneous metal ion contents, a stabilized layer-
tunnel composite structure can be achieved using a conven-
tional thermopolymerization method. The specific discharge
capacity of Nay 44Mng goMgo 110, with tunnel-layer hybrid phase
composition can achieve 188 mA h g~ ' within the voltage range
of 2.0-4.2 V at 0.1C, exhibiting a capacity retention of 81%
after 70 cycles. Nickel-ion or magnesium-ion substitutions
result in smoother charge/discharge curves compared to that
of Na, 44,MnO, and can significantly enhance the overall capa-
city albeit with a slight reduction in specific capacity retention
when compared to the pristine tunnel-structure cathode. Avci
et al.”® synthesized a composite-phase material by substituting
trace amounts of Co into Naj44,MnO,, resulting in a layer-
tunnel composite phase cathode (Nay,4MnO,/Na,,MnO, ¢s)
that effectively prevents phase transformations and structure
degradation for superior electrochemical performance. The
1% Co-substituted composite material alleviates the Jahn-
Teller effect and significantly improves the stability of its crystal
structure. Furthermore, the same research team created
another series of tunnel/P2 hybrid structures through a one-
step heat treatment with Ni substitution at Mn sites.* These
structures maintained high cycling stability and Coulombic
efficiency similar to pristine T-Na, 44MnO, while suppressing
phase transition during charge/discharge cycles, ultimately
resulting in superior cycling performance. Electrochemical
analysis reveals that Na, 44,MnO, exhibits a capacity retention
of 77% after 100 cycles at a rate of 0.3C, while Ni-substituted
cathode materials demonstrate capacity retentions of approxi-
mately 86.4% and 77.3%.

Cao®" then introduced a small amount of high-valence
tungsten (W) ions into Na,44sMnO,, resulting in the efficient
conversion of the tunnel structure to the layer structure for the
first time. Compared with other reported doped metal ions,
W ions can induce the phase transformation of Na, ,,MnO, at a
relatively low doping concentration. When the proportion of tung-
sten (W) in the total amount of transition metal achieves 1%, the
tunnel structure Na,4,MnO, undergoes a phase transformation,
which is fully converted to pure P2-layer Nag 44Mng0oWo 0,0, dur-
ing synthesis, demonstrating an enhanced reversible capacity of
195.5 mA h ¢, along with exceptional cycling stability for capacity
retention of 80% after 200 cycles. This provides a novel approach
for engineering transition metal oxides to induce the conversion
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from tunnel structure to layer structure. In addition to metal-cation
substitution, Liu et al.®® also systematically explored and investi-
gated the introduction of fluorine ions into the structural oxygen in
Mn-based tunnel structure cathode materials. They found that
Nay 44MnO; o3F, 7 cathode exhibited a layer structure and tunnel
structure composite phase within the temperature range of 800-
1100 °C after optimizing temperature conditions to obtain cathode
materials with relatively superior electrochemical performance.
The optimized Nay 44MnO; o3F o7 cathode exhibits higher electro-
chemical activity than that of the primary tunnel-phase cathode
Nay 4sMnO,, resulting in an exceptional discharge capacity of 149
mA h g~ at a rate of 0.5C. Furthermore, the cathode demonstrates
remarkable cycling stability with a capacity retention of around
79% over 400 cycles at a rate of 5C.

In addition to the aforementioned crystal structure transfor-
mation from an Mn-based tunnel structure to a layer structure,
this results in the easy formation of the cathode material in the
layer-tunnel composite structure. The Na/TM ratio is commonly
0.44 in the Mn-based tunnel structure, which enhances the
thermodynamic stability of the tunnel structure during formation.
Meanwhile, the Na/TM ratio in Mn-based layer oxide structures
typically ranges around 0.7, making it easier to form a composite
structure consisting of both layer and tunnel structures by directly
setting the Na/TM ratio between 0.4 and 0.70.’®%* In 2017, Wu
et al.® successfully constructed a layer-tunnel composite cathode
material Nag¢MnO, by carefully designing a Na-Mn-O system
cathode material with a Na/Mn ratio of 0.6, which exhibited
excellent electrochemical performance. The underlying mecha-
nism of the layer-tunnel composite structure cathode material is
also elucidated (Fig. 5(a) and (b)). Subsequent studies regulated
the composition ratio of layer-tunnel composite structures
through metal Ni-ion substitution.®* Additionally, other transition
metal ions, such as Cu,*® Fe,*® Zr®” and Mg,*® have been explored
owing to their application as substitution ions for Mn-ion sites or
Na-ion sites in layer-tunnel composite structure research. Xiao
et al.®® utilized the thermal polymerization technique combined
with the solid-state method to fabricate cathode materials featur-
ing a composite structure of layer-tunnel intergrowth. The well-
established layer-tunnel intergrowth structure cathode exhibited a
satisfying reversible discharge capacity of 198.2 mA h g " at a
rate of 0.2C, resulting in a remarkable high-energy density of
520.4 W h kg™ ". Wang et al.*° investigated the regulatory mecha-
nism of different elements on cathode materials with layer-tunnel
composite structures and found that introducing iron ions pro-
moted an increase in the proportion of layer structures, while
titanium-ion introduction increased the proportion of tunnel
structure within layer-tunnel composites. Introducing equal
proportions of iron ions and titanium ions still facilitated trans-
formation from layer to tunnel structure during the high-
temperature calcination synthesis stage (Fig. 5(c)). This further
indicates that different metal ions exhibit certain variances in
regulating the layer-tunnel composite structure cathode materi-
als, which can enable targeted phase regulation by utilizing
distinct metal ions into the crystal texture. Since then, some
studies on the design and construction of the particle layers of
layer-tunnel cathode materials have been reported.”® In a recent
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composite structure cathode. Reproduced with permission from ref. 90, Copyright (2020), Elsevier. (d) Schematic of the dynamic evolution of the atomic

arrangement for Nay,sMn;_, Ti, O, cathode materials with different Ti-ion ¢

study, Xiao et al®® successfully prepared a range of Ti-

substituted Na,;;Mn;_,Ti, O, cathode materials by manipulating
the dynamic structural evolution, leading to a transition from
the P2-Na,;;MnO, layered structure to tunnel structure with
increasing Ti-ion content (Fig. 5(d)). The optimized Ti-
substituted cathode material Na,;;Mng,gTi;90, demonstrated a
discharge capacity of 202.9 mA h g ' at 0.1C within a
voltage range of 1.5-4.3 V, resulting in an energy density of
536.6 W h kg™' and exhibiting 71.0% capacity retention after
undergoing 300 cycles at 1C. Furthermore, advanced character-
ization techniques, including in situ XRD analysis, confirmed a
highly reversible phase transition process between P2/tunnel-
OP4/tunnel structures and an interlocking effect between the
layer and tunnel structures as well as remarkable moisture
stability even after exposure to water treatment.

Overall, significant progress has been made in layer-tunnel
composite structure cathode materials, especially because
breaking through the theoretical capacity of the original tunnel
structure cathode materials is not sufficiently high. Some more
accurate tuning strategies for tunnel-layer composite structure

This journal is © The Royal Society of Chemistry 2025

ontents. Reproduced with permission from ref. 92, Copyright (2024), Elsevier.

cathode materials need to be further developed, and in-depth
studies in this area have great research potential. The modifi-
cation strategies extensively utilized for cathode materials
featuring an Mn-based tunnel structure Nay 44MnO, are com-
prehensively illustrated in Fig. 6.

5. Conclusion and perspective

Due to the promising application prospects of SIBs in large-
scale energy storage systems and the substantial market
demand in the near future, the research and development of
high-performance and cost-effective cathode materials will play
a pivotal role in optimizing both the overall cost and perfor-
mance of SIBs. As a potential candidate for cathode material,
Mn-based tunnel structure cathode material Nay 4,MnO, pos-
sesses remarkable advantages, such as exceptional stability,
high-power output, and low production costs. Despite signifi-
cant progress achieved in developing SIBs utilizing Mn-based
tunnel-structure cathode materials, there is still room for
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further improvement and enhancement of their inherent merits,
including a stable crystal structure, outstanding cycle durability,
and impressive rate capability. However, challenges such as insuf-
ficient specific capacity persist, resulting from limited sodium-ion
mobility within the intrinsic structure, instability of the crystal
structure over extended cycles, and capacity degradation caused by
the Jahn-Teller effect. In this comprehensive review article, we
systematically summarize and discuss various aspects related to
electrochemical sodium-ion storage mechanisms and controlled
synthesis techniques for material fabrication, and modification
strategies employed for Mn-based tunnel structures and propose
some potential directions for future research trends.

Overall, the future research and development of tunnel
structure cathode materials can be concentrated on the following
aspects: (1) developing more effective modification strategies to
mitigate the impact of the Jahn-Teller effect on trivalent manga-
nese ions within the tunnel structure, while optimizing the surface
structure of crystal particles to control the formation of inactive
substances. Further utilization of versatile characterization stra-
tegies and research methodologies is vital for elucidating the
underlying electrochemical mechanisms of these modification
methods, thereby facilitating the attainment of more stable
crystal structures and enhanced electrochemical properties. (2)
Designing high-sodium-content Mn-based cathode materials or
exploring additional sodium sources for chemical pre-sodiation
solutions to compensate for insufficient sodium-ion content in
tunnel-structure cathodes can enhance the initial Coulomb
efficiency when directly assembling a full cell with a hard carbon
anode. Alternatively, conducting a targeted search for chemically
presodiated hard carbon anodes that exhibit good compatibility
with the cathode material of the Mn-based tunnel structure can
further optimize the first Coulomb efficiency in the full cell,
thereby maintaining the specific discharge capacity performance
of the tunnel-structure cathode materials. (3) Developing scal-
able synthesis strategies for producing Mn-based tunnel-type

814 | Chem. Commun., 2025, 61, 803-816

cathode materials with a stable crystal structure and uniform
morphological characteristics, which contribute to improved
electrochemical performance and cost reduction. These efforts
will facilitate the development of low-cost Mn-based tunnel-
structure cathode materials from fundamental research to prac-
tical industry applications.
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