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Abstract: Sodium-ion batteries (SIBs) are expected to replace lithium-ion batteries (LIBs) as a new
generation of energy storage devices due to their abundant sodium reserves and low cost. Among the
anode materials of SIBs, transition metal chalcogenides (TMXs) have attracted much attention because
of their large layer spacing, narrow band gap, and high theoretical capacity. However, in practical
applications, TMXs face problems, such as structural instability and poor electrical conductivity. In
this review, the research progress and challenges of TMXs in SIBs in recent years are summarized, the
application of nanostructure design, defect engineering, cladding engineering, and heterogeneous
construction techniques and strategies in improving the electrochemical performance of TMXs anode
are emphatically introduced, and the storage mechanism of sodium is briefly summarized. Finally,
the application and development prospects of TMX anodes in electrochemical energy storage are
discussed and prospected.

Keywords: sodium-ion batteries; transition metal chalcogenide; challenges

1. Introduction

Since LiCoO2 was first commercialized as the LIB anode electrode, the development
of LIBs has matured and been widely used in various electronic products, energy storage
systems, and other fields in just thirty years due to their high energy density and excellent
cycling performance [1]. According to USGS statistics, by 2020, the global lithium reserves
are about 21 million tons of metal, but the annual lithium consumption is more than
85,000 tons and continues to rise every year. The low reserves and high consumption
of lithium crust, as well as the resulting resource shortage and cost problems, make it
difficult to sustain the large-scale application of LIBs [2,3]. The current development of
LIB technology is relatively mature, but due to the use of flammable organic electrolytes
and the strong activity of lithium metal, it is still prone to fire, thermal runaway, and
other safety hazards [4]. In this case, various types of energy storage devices have been
developed to meet the needs of development. The development is currently limited due to
various reasons, such as the Li-Se battery’s electronic transfer ability being excellent and
the theoretical volume capacity being high, but the volume expansion is serious and the
utilization rate of active substances is not high, so the capacity attenuation is serious. Water-
based zinc-ion batteries have a low cost, small size, light weight, and good safety, but zinc
dendrite growth is serious, and energy density is limited. Supercapacitors have excellent
power density, long lifecycles, and a friendly raw material environment, but the production
cost is high, and the energy density is low [5–8]. Sodium is a neighboring element in
the same group as lithium, and the two have similar physical and chemical properties,
closer electrode potentials (only 0.3 V difference with lithium), and analogous ion storage
mechanisms. In addition, the sodium reserves in the Earth’s crust are far more abundant
than lithium resources, and easy extraction can effectively reduce production costs; they
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are expected to replace LIBs as the main force of future energy storage utilization [9–12].
However, because the radius of Na-ion is much larger than Li-ion, the layer spacing of the
host material is required to meet the Na+ insertion/extraction, resulting in a large number
of anodes that can work for SIBs [13]. Therefore, the development of host materials with
large interlayer spacing and excellent electrochemical properties is the key to the large-scale
application of SIBs.

Various kinds of electrode materials have been investigated in the development of SIBs.
The charge storage mechanism in SIBs can be divided into insertion-type materials (such
as graphite and other carbonaceous materials, TiO2, etc.), alloying-type materials (such as
Bi, As, Si), and conversion-type materials (such as various transition metal compounds).
Insertion-type anodes have low volume change but low specific capacity, alloying-type
materials have high capacity but significant volume change (volume expansion even higher
than 400%), and conversion-type materials are just in between and have received a lot of
attention [11,14,15]. As a representative of the transition metal chalcogenide with large layer
spacing, a narrow band gap (exhibiting metal-like behavior and high conductivity when
narrow enough) and a high theoretical capacity (transferring multiple electrons per metal
center; the capacity of selenide can reach 500–1000 mAh g−1), they are currently the hot
spot in the research of negative electrode materials [16–23]. Transition metal chalcogenides
(TMXs) are located in the VIA group of the periodic table, containing the elements O, S, Se,
Te, and Po. Due to the large difference in physical and chemical properties between oxygen
and other chalcogen elements and the low abundance of Te in the crust, only transition
metal sulfides and transition metal selenides are considered in this review. TMXs have
the structure of lamellar (M generally IVB–VIIB group transition metals) and non-lamellar
(M generally VIII–X group), in which the lamellar structure consists of X-M-X connected
in the form of covalent bonds to form a lamellar plane, and the layers are coupled by
weak van der Waals forces, often creating a single or multilayer lamellar structure. The
interlayer spacing of TMXs with lamellar structures is usually 6–7 Å (much more prominent
than 1.02 Å for sodium ions), which can tolerate Na+ to break through the weak van der
Waals forces between the layers for conversion reactions [24,25]. However, serious volume
expansion, slow Na+ diffusion kinetics, and insufficient electrical conductivity often occur
in practical applications, resulting in poor SIB cycling stability, short battery life, and lower
rate capability.

In this review, we present the research status of TMXs in SIB-negative electrodes,
briefly introduce the sodium storage mechanism of TMXs, and highlight the fundamental
problems and corresponding optimization strategies in their practical application, as shown
in Figure 1.
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2. Sodium Storage Mechanism

Studying the sodium storage mechanism of batteries is an essential basis for the ra-
tional design of electrode materials and for improving their battery performance. TMXs
will generally undergo intercalation, conversion, or alloying reactions and electrochemical
reactions of the pseudocapacitor energy storage mechanism in a specific voltage range. In
non-layered materials, the sodium ion embedding pathways are diverse, and the sodium
storage mechanism is more complex and will not be outlined in this review. For layered ma-
terials, Na+ tends to embed between atomic layers, and different electrochemical reactions
occur with the change in voltage range. In the high voltage range, the intercalation reaction
of sodium ions mainly occurs, and then the decrease in voltage, conversion reactions occur
to produce metal monomers (M) and the corresponding chalcogenide sodium compounds
(NanX) [26]. If the obtained metal monomer M has particular activity, it can also continue
to undergo alloying reactions with sodium ions. Based on the above discussion, the whole
process can be described as follows [27]:

1. Intercalation process of the sodium ions:

MaXb + xNa+ + xe− ↔ NaxMaXb;

2. Transformation reactions (generally transition metal-based chalcogenides, such as Co,
Ni, Cu, etc.) occur:

NaxMaXb + (2b − x) Na+ + (2b − x) e− ↔ aM + bNa2X;

3. Alloying reactions (often occurring in Bi, Sn-based, and other sulfuric materials with
some metal activity):

yM + xNa+ + xe− ↔ NaxMy.

It was found that the LIB storage mechanism of the layered material MoS2 is a typical
reaction of intercalation before conversion, and the reaction products are mainly metal
Mo and LiS2. The SIB storage mechanism is similar to LIBs and should follow the same
mechanism [28]. However, this is not the case, according to Wang’s research group [29].
Through electronic PDF analysis (Figure 2a) of MoS2-C@C composite material, Wang’s
research group found that the Mo-S bond peak still dominates after naturalization, which
means that MoS2 does not break the Mo-S bond to obtain the metal Mo and its sodization
products after the conversion reaction. Instead, distorted MoSx polyhedral clusters were
obtained as new active substances for sodium storage, and the absence of Mo in the
metallic phase was further verified by XAS spectra (Figure 2b,c). Figure 2d is a summary
of the sodium storage mechanism. To exclude the interference of carbon, Wang’s research
group also investigated the sodium storage process of carbon-free MoS2 and showed that
although the structural evolution of carbon-free MoS2 is like MoS2-C@C composites in that
MoSx clusters are obtained, this process is irreversible, which leads to its worse cycling
performance that revealed the stabilizing effect of carbon on MoSx clusters (as shown in
Figure 2e,f) [29].

Previous studies proposed that the sodization process of MoSe2 should undergo
an intercalation reaction and alloying reaction [30]. When Yang’s research group [27]
investigated the sodium storage mechanism of SnSe2⊂3D through non-in situ XRD, they
found that the alloying reaction between the active metal and sodium may also occur
during the actual sodalization/desodalization process and that multiple alloying products
may coexist (Figure 2g,h). With the continuous insertion of Na+, the two peaks (14.4, 44.1)
of SnSe2 at 1.6 V gradually diminished (the intercalation product NaxSnSe2 was obtained)
and completely disappeared at 0.9 V (the conversion products Na2Se and Sn were received,
and the active metal Sn continued to alloy with Na+). At this time, a peak of the NaSn
alloy appeared, indicating that the alloying reaction occurred at a voltage of 0.9 V. While
continuously discharging reaches 0.7 V, another Na29.58Sn8 alloy peak appeared; when it
was ultimately discharged to 0.01 V, the peak of the Na15Sn4 alloy with higher sodium
content occurred. At this time, the peak of the intermediate Na29.58Sn8 alloy disappeared,
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and the heights of the Na15Sn4 and NaSn alloys coexisted. As charging continued to
1 V, the peak of the intermediate Na29.58Sn8 alloy reappeared, demonstrating the highly
reversible reaction of the alloy, and it was not until charging reached 2.9 V that the alloy
product was consumed entirely [27]. To gain more profound insights into the sodium
storage mechanism of MoSe2, Plewa’s research group [31] combined operando XRD and in
situ XANES and XPS analyses to propose that the sodization of MoSe2 undergoes three
processes in sequence: alloying, intercalation, and conversion reactions. In the initial
cycle, the formation of Se precipitation was observed at 0.8 V (which was not reported
before), and the active Se was alloyed with Na+ to produce Na2Se until the end of the
intercalation reaction at 0.5 V, during which the intercalation product NaxMoSe2 underwent
a transformation reaction to obtain the metallic Mo and Na2Se phases. Plewa’s research
also found that after the first cycle, MoSe2 was converted from the pristine hexagonal 2H
phase to the 1T phase with enhanced transport properties, and in further cycles, 1T-Na
MoSe2 was used as the starting point for the intercalation reaction [31].
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Figure 2. (a) PDF analysis of the crystal structure; (b) XAS spectrum; (c) FT-EXAFS; (d) STEM-PDF
map after the first cycle; (e) PDF curves; (f) schematics of the proposed desodiation/sodiation
mechanism; (g) ex situ XRD and (h) sodium storage mechanism of SnSe2⊂3D [27,29].

In addition, the electrochemical reaction of the pseudocapacent energy storage mecha-
nism also exists in TMXs. Pseudocapacitors include intrinsic pseudocapacitors and non-
intrinsic pseudocapacitors. Intrinsic pseudocapacitance means that the material exhibits
pseudocapacitive behavior in all morphologies or particle sizes, while non-intrinsic pseu-
docapacitance generally occurs exclusively at and near the surface of nanomaterials. The
pseudocapacitance behavior can suppress the phase transition process and increase Na+

adsorption capacity and the rapid Na+ diffusion kinetics. Yuan’s research group [32]
prepared atomically thin Co1-xSe2/graphene heterostructures and proved that the Co va-
cancy in the heterostructure is essential in improving the electrochemical performance.
According to the CV curves at different scan rates, the low scan rate (50–100 mV s−1) is
diffusion-controlled (embedding/transformation/alloylation process). The high scan rate
is a capacitation-dominated electrochemical process (pseudocapacitance process). The
presence of Co vacancies enhances this pseudocapacitance behavior and further reveals
that the improved electrochemical performance contributes to the enhancement of the pseu-
docapacitance of the intercalation layer [32]. Lin’s research group [33] fabricated N-doped
C-coated Ni-Co bimetallic sulfide hollow nanocube ((Ni0.5Co0.5)9S8 @NC) composites and
investigated their sodium storage mechanism, with a predominant pseudocapacitance
storage behavior (the pseudocapacitance contribution reaches 90% at high scan rates). Next,
the Operando XRD analysis found that Na2S, Ni, Co, and Na2S5 were obtained successively
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with the progress of sodiation, which was also the first time that Na2S5 was observed in
TMXs. Its formation may be attributable to the more abundant chemical composition of the
bimetallic sulfide [33].

3. Optimization Strategy for Increasing Sodium Reserves
3.1. Enhanced Structural Stability

In the practical application of the battery, with the conversion of electrode materials
and alloying reaction, the initial lattice structure of the material will be destroyed and will
inevitably produce massive volume expansion. On the one hand, the stress generated in the
volume expansion process continues to accumulate, which eventually causes the electrode
particles to crack or even crush, and some active materials lose their electrochemical
activity. On the other hand, for the entire electrode, the volume expansion will lead to
the collapse of the electrode material structure, which will cause the electrode material to
fall off the electrode surface, resulting in capacity decay [34]. Therefore, researchers have
conducted much research and proposed many effective solutions, including the design
of nanostructure engineering, defect engineering, and coating engineering for electrode
materials.

3.1.1. Nanostructure Engineering

Various relevant reports have proved that by adjusting the size and dimension of the
material, the electrode material can be endowed with excellent electrochemical performance.
The transformation from bulk to nanomorphology must only reduce the size to less than
100 nm. So far, various structures and forms of nanostructures have been widely reported,
such as quasi-zero-dimensional quantum dots, zero-dimensional nanoparticles (NPs), one-
dimensional nanotubes/wires/rods, two-dimensional nanosheets, and three-dimensional
network structures [35–37]. The structures of the nanomaterials in each dimension and
their advantages and disadvantages are summarized, as shown in Figure 3 [38]. Compared
with bulk materials, nanostructured materials have higher specific surface area and higher
average binding energy of surface atoms, so they can better release stress in the process
of volume expansion and avoid the collapse of their structures. It is worth noting that
nanomaterials can reduce the volume expansion in the repeated cycle process by reducing
the dimension. For example, Guo’s research group [39] formed ultra-small CoSx quantum
dots (average particle size 3~5 nm) in situ on ultra-thin (about 4.5 nm) n/s co-doped folded
2D carbon nanosheets, showing outstanding electrochemical performance. The ultra-small
size of the quantum dots has slight strain and can withstand significant volume changes
without breaking, and the particle diffusion path is shortened, which dramatically improves
the electrochemical reactivity of the material [34,38,40].

Although the reduction in particle size shortens the Na+ diffusion path and makes
the particle/electron transfer process more accessible, it can also withstand the influence
of stress in volume expansion. Due to the reduction in particle size, the parasitic reaction
between small particles and the electrolyte interface will also increase, which may lead
to the repeated formation and decomposition of the solid electrolyte interface layer and
consume more electrolytes. On the other hand, the smaller the nanoparticles (especially
5~10 nm), the more serious the agglomeration and inactive clusters [41,42]. One solution to
these potential defects is introducing carbon materials as a buffer matrix. Carbon materials
can protect active materials from direct contact with electrolytes, enhance the conductivity
of electrode materials, and reduce volume changes [43–45]. Chen’s research group [46]
proposed that the ultra-small Co9S8 quantum dots were embedded in mesopore hollow
carbon polyhedra, and the outer layer was coated with gridded redox graphene. The
double carbon layer could prevent nanoparticle aggregation and excessive growth, thus
showing excellent cyclic stability [46]. Another approach is adding growth inhibitors to
the pyrolysis process to prevent nuclei growth and obtain sub-nanometer particles [47,48].
Cheng’s research group [49] used electrospinning technology to obtain N/S-containing
polymer fibers and performed pre-oxidation and vulcanization treatment. In the pre-
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oxidation process, LiN3 was used as a growth inhibitor to prevent Sn-O intermediates from
aggregating and crystal nucleus growth during the subsequent vulcanization process, and
SnS quantum dots (SnS QDs@NCF) with smooth surfaces of N-doped carbon fibers were
finally obtained. In contrast, SnS nanoparticles were produced on the surface of polymer
fibers and received SnS nanoparticles (SnS@NCF) without the LiN3 inhibitor. In subsequent
electrochemical tests, the advantage of the quantum dots and the protection of the carbon
matrix enabled the SnS QDs@NCF to exhibit superior cycling performance (430.9 mAh g−1

after 7880 cycles at 10 A g−1), while SnS nanoparticles grown directly on the carbon fiber
surface were susceptible to shattering and detachment from the fiber surface, resulting in a
rapid decrease in capacity [49].
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One-dimensional (1D) nanomaterials (nanotube/wire/rod/fiber) have a short diame-
ter and a long ion diffusion path. The short diameter can reduce the occurrence of volume
expansion, the electron/particle transfer in the longitudinal direction can increase the con-
ductivity of the material, and the smaller radial size can significantly improve the diffusion
kinetics of sodium ions [50,51]. Xu’s research group [52] prepared yolk-shell-like ZnS@C
nanorod electrodes with a porous structure using Zn2GeO4@C as a self-sacrificing tem-
plate, and the unique design maintains good capacity. The main reason is that the porous
structure possessed by this yolk-shell nanorod introduces a large number of voids, which
alleviates the volume stress caused by sodium ions in repeated cycles. One-dimentional
nanowires are also attractive. In addition to being able to adapt to volume strain, their
larger aspect ratio than nanorods expose more active surfaces for charge transfer between
the electrolyte and the nanorod and provide a stable unidirectional electron transport path
to improve the conductivity and dynamics of the electrode [52]. Yang’s research group [53]
used Se/C nanowires as a template to obtain carbon-loaded nickel selenide (Ni0.85Se/C)
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hollow nanowires by continuously dissolving the inner selenium and forming Ni0.85Se
nanoparticles on the surface of the carbon layer during the reaction with Ni2+, which
eventually exhibited excellent cycling stability (after 2000 cycles at 1A g−1, the capacity
retention was 89%). In addition to preparing hollow nanowires, the strong coupling of
nanowires with carbon can also enhance structural stability. Wei’s research group adopted
a simple one-step chemical vapor deposition (CVD) strategy using thiourea formaldehyde
resin as a precursor to react with metal foam. In this process, part of the solid thiourea
formaldehyde resin formed TMX nanowires with the metal foam, while the other part
was transformed into a nitrogen and sulfur co-doped ultra-thin carbon layer, which was
tightly and evenly coated on the surface of the nanowires, and the TMXs@NSC nanowire
was finally obtained (T for Fe, Co, and Cu). The strong bond cooperation between the
carbon layer and TMX nanowires also constructs a heterostructure, enhancing the conduc-
tivity with heteroatom defects [54]. Hong’s research group [55] prepared (Co1/3Fe2/3)Se2
nanofibers with a tube-in-tube fiber structure by electrostatic spinning, and the layered
structure of the tube-in-tube resulted in a lower charge transfer resistance and more minor
volume expansion, exhibiting superior rate performance compared to conventional TMXs.

Two-dimensional (2D) nanomaterials (nanosheets) generally have layered structures,
such as VS2 [56] and MoS2 [57], within which electrons can move at very high velocities
and usually have high theoretical capacities. However, in practical applications, the large
radius of Na+ causes severe volume expansion when it travels through the 2D nanomateri-
als, resulting in reduced cell cycle stability. To solve this problem, some researchers have
proposed to combine 2D nanomaterials with high-cycle stability skeletons to construct
three-dimensional (3D) cross-linked structures. For example, Yuan’s research group [58]
combined MoS2 with a 3D Nb2CTx MXene framework to form a 3D cross-linked hybridized
morphology and finally coated the surface with polydopamine to further enhance the sta-
bility of the 3D framework. When used as the anode of SIBs, it has only 0.01% degradation
per cycle in 2000 cycles at 1.0 A g−1. The stability performance is excellent because on the
one hand, the 3D Nb2CTx MXene framework provides a channel for sodium ion diffusion
to alleviate the volume change during sodium ion intercalation. On the other hand, the
carbon coating coated on the surface has a certain volume elasticity and ensures the stability
of the 3D framework [58]. In addition, the formation of pores on the surface of the 2D
material is also a good choice. On the one hand, porosity can increase the active surface
sites, shorten the Na+ diffusion distance, and accelerate the charge transfer kinetics; on the
other hand, the high mechanical strength of the 2D material can maintain the stability of
the porous structure [59,60].

Three-dimensional nanomaterials normally have a large surface area, abundant active
sites, ample internal space, and possess higher electrode density and structural integrity
than zero-, one-, and two-dimensional materials. Li’s research group [61] used a self-
templating method to evenly wrap ZnSe nanoparticles in a 3D porous N-doped carbon
matrix to obtain popcorn sphere-like composites, and due to the existence of gaps in
the porous 3D structure of the nanoparticles to alleviate the volume change stress, they
ultimately exhibited favorable cycle stability. However, the synthesis of 3D nanomaterials
by the template method has high energy consumption and preparation costs, and the
process is also tedious. In recent years, the template-free way has been very attractive for
synthesizing 3D nanomaterials. Ge’s research group [62] constructed 3D N-doped carbon-
layered hollow spheres with double carbon layers using a template-free self-assembly
process, in which ultra-thin WS2 nanosheets were uniformly embedded to obtain an
expanded layer spacing and exhibited high structural stability. Park’s research group [63]
synthesized 3D structured microspheres with multiple chambers and uniform distribution
of carbon nanotubes by spray pyrolysis, and the multi-component metal selenide (NiFe)Sex
graphitic carbon/carbon nanotube composites ((NiFe)Sex/GC/CNT) could be obtained
by subsequent selenization treatment, as shown in Figure 4a. The uniform distribution of
nanopores on the surface and the unique multi-chamber structure improve the material’s
electrical conductivity and structural stability [63].
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In addition, constructing multidimensional composites is also an excellent option
for taking advantage of the nanomaterials in each dimension of the same material. For
example, Xiao’s research group [64] synthesized porous multidimensional nanocomposites
3DG/CoSe2 @CNWs by confining 0D CoSe2 nanodots in 1D carbon nanowires and finally
encapsulating them in 3D graphene (Figure 4b). SEM and TEM images can be observed
(Figure 4c,d), in which the advantages of each dimensional nanostructure can be fully
exploited, exhibiting excellent sodium storage performance (Figure 4e–g). In addition,
various structural designs, such as porous, hollow, and yolk-shell structures, have been
proposed to resolve the volume expansion question in recent years. Although good progress
has been made, such materials are often unable to combine excellent cycling properties with
high rate capabilities. To address this problem, Shang’s research group [65] sculpted the
hollow Cu1.75S cubic precursor into a truss structure using the “selective reduction” strategy
using Fe3+ and then strengthened it by recrystallization process to obtain Cu1.81S with a
truss structure, which is exceptionally stable due to its unique triangular support. The
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highly durable truss structure gives excellent cycling stability and high rate performance
(331 mAh g−1 at 3 Ag−1) when used as an SIB anode electrode.

The biggest difference between 0D, 1D, 2D, and 3D materials is mainly the difference
in nanometer size. Zero-dimensional materials have three dimensions in nanometer size,
which can provide more active sites for ion adsorption and alleviate volume changes.
However, the agglomeration caused by small size is very serious, and it needs to be
combined with other materials to alleviate this problem [41,42,66]. One-dimensional
materials have two dimensions in nanometer size and a high aspect ratio, which are
conducive to rapid electron transmission. However, such materials often have low packing
density, high preparation cost, and low yield, and are difficult to be applied on a large
scale [50,51,67]. Two-dimensional materials have the advantages of large surface area and
adjustable interlayer spacing, but low ion mobility and complex preparation technology
limit their development. Compounding with other materials or doping heteroatoms
may be the key to solving this problem [68,69]. Three-dimensional materials mean that
electrons can move freely on three non-nanoscale scales, which can obviously solve the
aggregation problem faced by 0D, 1D, and 2D materials, and the large internal space can
alleviate the impact of volume expansion. At the same time, they have an incomparable
mechanical stability compared with other dimensional materials but will result in a low
initial coulomb efficiency. They can be combined with other dimensional materials to solve
this problem [70–72]. To sum up, if further innovative development of 3D materials can be
carried out, it may bring new enlightenment to the future development of TMX-negative
electrode materials.

3.1.2. Defect Engineering

Since the electrochemical performance of electrode materials is closely associated
with the internal crystal structure and composition of the materials, the introduction of
defects inside the materials through defect engineering cannot only provide more reactive
sites and increased surface energy but also be beneficial to keep the structural stability
of the materials, thus regulating the electrochemical performance [73,74]. Crystal defects
can be divided into intrinsic defects and extrinsic defects. Inherent defects are caused
by the irregular arrangement of local atoms in the crystal itself and will not affect the
composition of the whole crystal, such as non-integral compounds. Huang’s research
group [75] prepared ultra-thin layered porous non-integrable Co0.85Se nanosheets, which
were also grown vertically on graphene to achieve a 3D porous structure to improve
electrical conductivity. XPS results show that Co2+ and Co3+ present in the crystal form Co
vacancy defects as a result of uneven charge distribution, and the presence of vacancies
enhances sodium storage kinetics and demonstrates high reversible capacity (at 0.5 A g−1,
the reversible capacity has 460 mA h g−1) when used as an SIB anode [75].

In contrast, non-intrinsic defects are introduced by foreign heteroatoms, such as
heteroatom doping. Heteroatom doping often causes lattice defects, which can affect the
electronic structure and chemical properties of materials by regulating the surface reaction
kinetics and long-range disorder, which are vital in stimulating the charge transfer process
and increasing the reactive site [76,77]. Zhang’s research group [78] prepared Fe7Se8/N-
CNF composites with open structures by anchoring ultra-small Fe7Se8 nanoparticles in
N-doped carbon nanofibers. Raman spectroscopy and XPS reveal many defects in the
N-doped Fe7Se8/N-CNF composite, which exhibits excellent electrochemical reaction
kinetics. In recent years, the introduction of O or S vacancies in metal chalcogenides
to improve the sodium storage properties of SIBs has attracted much attention. Li’s
research group [79] introduced ZIF-8 to the surface of WS2 nanorods by delicate design,
and the interaction of ZIF-8 with WS2 nanorods after calcination resulted in S vacancies
and WS2/ZnS heterojunctions and the formation of a coaxial carbon coating with WS2
nanorods, which has a unique structure to maintain a favorable reversible capacity after
5000 cycles at a high rate. After the introduction of vacancies, excess electrons will be
generated around specific metal atoms and become negative centers, which can attract the
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surrounding positive ions and accelerate the transfer of ions, in addition to providing more
active sites for sodium storage [79].

3.1.3. Cladding Engineering

The carbon coating evenly coated on the surface of TMXs can not only increase
the conductivity of the material but also form a protective layer to separate the electrode
material from the electrolyte and protect the internal structure of the electrode from damage.
Generally speaking, the carbon coating includes two types: core-shell structure and yolk-
shell structure. Lin’s research group [33] produced N-doped carbon-coated (Ni0.5Co0.5)9S8
composites using phenol formaldehyde as the carbon cladding, and the synergistic action
of each part of the structure resulted in excellent capacity retention at high current densities.
Despite the construction of the core-shell structures can enhance the structural stability
of the material, the close contact between the coating and the material in the core-shell
design can cause the coating to rupture during the cycle, resulting in the collapse of the
material structure and ultimately the deterioration of the cycle performance, the cycling
performance decreases. To solve this problem, the researchers proposed a double carbon
layer structure with more robust mechanical properties. The unique double carbon layer
structure can provide more active sites for Na+ storage due to the increased carbon layer,
and the double carbon layer protection can also better alleviate the stress accumulation
during repeated cycling. Su’s research group [80] prepared MoSe2 nanorod composites
(MoSe2@NC@rGO) with N-doped carbon matrix and graphene double carbon protection
by the self-sacrificial template method, As shown in Figure 5a, SAED pattern images
(Figure 5b) show that the formation of the double carbon layer is when a layer of carbon
is first coated on the surface of the nanorod MoSe2, and then graphene is coated on
the outermost layer. The experimental results and theoretical calculations show that the
existence of the double carbon layer with high conductivity not only gives the composite
structure a high Na+ diffusion coefficient and enhances the reaction kinetics but also can
form a solid shell to accommodate the volume change in MoSe2-active material and the
shuttle of polyselenide, which eventually shows excellent electrochemical performance.
When assembled with Na3V2(PO4)2/C as a full cell, the cycling performance is promising,
as shown in Figure 5c–h [80].

Unlike the ultra-thin, compact core-shell structure formed only by direct coating on
the material surface, the yolk-shell structure can introduce a gap between the coating
and the material surface. The formation of void space enables the yolk-shell structure
to expand/contract more freely than the core-shell structure and can accommodate the
volume expansion of internal active substances based on maintaining the stability of the
shell, thus improving the strength of the overall structure [81]. Polydopamine can be
used to coat almost most materials, and its ability to dope its N atoms into the carbon
matrix while forming a protective coating makes it very attractive for material coating [82].
Xu’s research group [52] used polydopamine-coated Zn2GeO4 precursor nanorods as self-
sacrificing templates, and the Ge source dissolved during the vulcanization process, which
eventually transformed the core-shell structure nanorod precursor into a porous yolk-shell
ZnS@C. Liu’s research group [83] used a polydopamine-coated yolk-shell SnSe2/ZnSe
nanabox. When used as an SIB anode, the reversible capacity remained at 616 mA h g−1

after 1000 cycles at 1 A g−1. An important reason for the excellent reversible capacity was
the elastic polydopamine coating, which promoted the charge transfer process, enhanced
the conductivity of the material, and prevented the volume change and stress accumulation
of the material during repeated cycles, improving structural stability [83]. Polypyrrole
has good electrical conductivity due to its conjugated structure, and the nitrogen atom in
polypyrrole can chemically bind to polysulfides to restrain the “shuttle effect” of polysul-
fides, which can also mitigate the volume change during cycling due to its good flexibility
and self-healing ability when used as a cladding material [84]. Zhang’s research group [85]
prepared yolk-shell FeS2 nanocages using polypyrrole-coated Prussian blue precursors,
which retained 92% capacity at 5 A g−1 for 1000 cycles.
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Alternatively, metal–organic frameworks grown directly on the surface of electrode
materials and then annealed can also be clad. Metal–organic frameworks (MOFs) are
generally porous irregular polyhedra with high porosity, large specific surface area, and
tunable topology [86]. When TMX nanoparticles are annealed with MOFs, the nanoparticles
can be encapsulated in the carbon matrix formed by MOFs, and the MOF morphology
can be maintained. The unique MOF structure can improve the stability of the material
structure due to its nano-size and high porosity. Zhao’s research group [87] mixed and
annealed the Co-based zeolite imidazole acid framework (ZIF-67) with thioacetamide.
Thioacetamide was transformed into Co9S8 and embedded in the polyhedron ZIF-67. The
organic ligand of ZIF-67 was transformed into a porous carbon layer and coated on the
surface of the composite, forming a rigid porous yolk-shell structure. It still shows excellent
electrochemical performance after 800 cycles [87]. However, MOF precursors are prone
to aggregation during repeated charge/discharge cycles, and the design of MOFs with
hierarchical structures may be a promising solution. Zhou’s research group [88] obtained
hierarchical flower-like zinc–manganese binary selenide ZMS@FC composed of multiple
flakes by solvent thermal self-assembly, and the tight coupling between the metal selenide
and carbon matrix makes the hierarchical structure extremely stable, in which the zinc–
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manganese binary selenide nanoparticles are uniformly anchored on 2D porous carbon
sheets. The existence of porous carbon sheets inhibits the volume change in active materials
in the cyclic process and limits the size of the nanoparticles, especially a large number
of mesoporous structures at the cross-section of petals, which dramatically improves the
electrolyte penetration and electron transfer efficiency and achieves excellent long-cycle
stability in SIBs (369.6 mA h g−1 at 2 A g−1 after 1000 cycles) [88].

The cladding mentioned above is often performed in simple systems with smooth
surfaces, and it would be challenging to clad complex materials with particles on the
surface using the previous method. Yousaf’s research group [89] adopted a simple three-
step approach to grow FeSe2 nanoparticles on the surface of carbon nanotubes and form
amorphous carbon layers (Figure 6a). TEM and HRTEM images (Figure 6b,c) showed that
this method not only wraps the carbon layer on each carbon nanotube but also coated the
FeSe2 nanoparticles on the carbon nanotube with a layer of amorphous carbon, achieving
the double cage protection of FeSe2 nanoparticles. When used as the negative electrode for
SIBs, it exhibits excellent electrochemical performance (Figure 6d–f) [89].

3.2. Enhanced Conductivity of Electrodes

The TMX band gap is relatively narrow, and when the band gap is narrowed to a
certain extent, it exhibits metal-like behavior, which means that the material may have high
electrical conductivity [16]. Nevertheless, because most TMXs are semiconductor materials,
and the number of free electrons and holes in semiconductors is minimal, they face the
problem of relatively poor electrical conductivity in practical applications. To solve the
problem of relatively poor conductivity of electrode materials, researchers have proposed
some solutions to improve the conductivity of electrodes, such as defect engineering,
building heterogeneous structures, and compounding with carbonaceous materials.

3.2.1. Defective Engineering

Doping can change the distribution of holes and free electrons in semiconductor mate-
rials, while heteroatoms embedded in the lattice structure can introduce defects, increase
dislocations, make the ion diffusion channel larger, and enhance the conductivity [90].
Essentially, electrons are pulled out of π-occupying orbitals or added to π-vacancy orbitals
to reduce the energy level difference between adjacent orbitals, thereby increasing the
electrical conductivity. Commonly used doping atoms are N, S, P, B, and other more
polar non-metallic atoms. Among them, N and S doping are mainly used to modulate
the electronic properties of carbon materials so that the electron pair polarization creates
more active sites [91]. As the smallest and most electronegative atom in conventional
dopants, the N atom is currently the most commonly used element in the heteroatom
doping strategy, which can improve conductivity and wettability. In addition, N doping
can generate defects and active sites that enhance the interfacial adsorption of the mate-
rial, thus significantly improving the cycling performance [91]. Ge’s research group [19]
thoroughly ground Prussian blue with Se and then used the annealing treatment, and
the inorganic ligand of Prussian blue was transformed into an N-doped carbon matrix
uniformly encapsulated on the rod-like FeSe2 surface. The N-doped carbon layer enabled
it to exhibit excellent cycling stability. N doping can also be performed by annealing TMX
nanomaterials with MOFs, in which a part of an MOF is formed in situ to cover the active
substance with the carbon matrix, and the other part becomes N doped in the carbon
matrix. This method is more direct and convenient [19]. Jiang’s research group [92] first
self-assembled ZIF-67 polyhedra on the graphene surface and then transformed ZIF-67
into hollow polyhedral CoSe with N-doped carbon by selenization heat treatment, which
provided a significantly better high-rate capacity of 290 mAh g−1 at 5 A g−1 than bare CoSe
when used as an SIB anode.
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Sulfur doping also improves the hydrophilicity of the surface carbon material and facil-
itates charge transfer at the electrolyte, electrode, and interface. Yang’s research group [93]
grew CoSn(OH)6 in situ on graphene oxide by the co-precipitation method and then
obtained S-doped graphene oxide/(SnCo)S2 nanocube heterostructures by direct vulcaniza-
tion. The sulfur doping, graphene oxide coating, and the formation of the heterostructure
make it have outstanding electrochemical properties [93]. Phosphorus doping is also a
good choice not only to introduce defects to enhance the ion diffusion kinetics and en-
hance the electrical conductivity of the material but also to form stronger P-M bonds than
P-S/Se bonds (M is a transition metal), improving the structural strength of the mate-
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rial [94–96]. Ma’s research group [97] obtained carbon skeleton-coated P-doped Cu2Se
hollow nanospheres rich in Se vacancies by phosphorylating dopamine-coated tetragonal
phase Cu2Se nano hollow spheres, which have long cycle stability (over 95% capacity
retention for 1000 cycles) at an ultra-high current density of 20.0 A g−1.

Diatomic doping generally can achieve better electrochemical properties than single-
atom doping due to the synergistic effect. Niu’s research group [98] obtained supramolecu-
lar aggregates by reacting melamine and phytic acid at room temperature and depositing
them on the surface of graphene oxide as a framework for the growth of MoSe2. Finally, the
supramolecular aggregates were decomposed into N and P by high-temperature calcination
and co-doped on the surface of graphene oxide to obtain MoSe2/N, P-rGO. The N and
P co-doping synergies lead to better electrical conductivity, fast charge transfer kinetics,
and increased pseudocapacitance contributions. N and P co-doping results in good electro-
chemical performance, but the previously used N and P dopants are generally expensive
and pollute the environment. Chlorella has the advantage of being abundant, cheap, and
rich in N and P elements, and is expected to be a new N and P co-dopant [98]. Xu’s research
group [99] embedded spherical V3Se4 in carbon nanofibers by electrospinning technology,
and chlorella provided N and P elements to be doped in the carbon nanofiber matrix and
finally obtained a V3Se4/NPCNFs composite with a good capacity of 240 mAh g−1 after
13,000 cycles at 10 A g−1.

The formation of vacancies is also related to the introduction of heteroatoms; for
example, when trivalent nitrogen atoms are doped with tetravalent carbon atoms, due to
the formation of only three covalent bonds, the carbon atoms will capture electrons from
the surrounding area and cause a net surplus of positive charge, resulting in vacancies.
At the same time, the formation of vacancy defects will increase the active sites, improve
the transfer of electrons and Na+, and facilitate the storage of Na+ [74]. At the same time,
the formation of vacancy defects increases the active sites, improves electron and ion
transfer, and facilitates sodium ion storage. For example, the carbon-coated P-doped Cu2Se
hollow nanospheres rich in Se vacancies prepared by Ma’s research group [97] exhibited
excellent capacity and long-cycle stability when used as an SIB anode. Vacancies can also be
introduced by the partial elimination of sulfur or selenium from TMXs using redox reactions.
Ma’s research group [100] prepared MoS2/C composites by hydrothermal reaction and
high-temperature carbonization and reduced the sulfur atoms in MoS2 to H2S using a
strong reducing agent hydrazine hydrate to remove the sulfur atoms to obtain a range of
MoS2/C material with various sulfur vacancy concentrations (Figure 7a). Transmission
electron microscopy (TEM) images (Figure 7b) show the ultra-thin layer morphology of the
MoS2/C composites, which avoids the agglomeration of multilayer MoS2 materials. The
electron paramagnetic resonance (EPR) spectra (Figure 7c) can be obtained with the increase
in the amount of hydrazine hydrate and the increase in the S vacancy concentration. The
density of states (DOS) figure shows that the gap of sulfur-containing vacancy material is
smaller, and the conductivity is higher when comparing the sulfur-containing and sulfur-
free vacancies (Figure 7d). Finally, after combining the binding energy and embedding
energy and volume change before and after Na+ adsorption of Na+ samples with diverse
concentrations of sulfur vacancies, it can be concluded that sulfur vacancies at 12.5 to
18.75% atomic concentration can improve the electrical conductivity without affecting the
volume change (Figure 7e). Electrochemical performance as shown in Figure 7f,g [100].

3.2.2. Construction of Heterogeneous Structures

When two materials with different Fermi energy levels come into contact, the interface
structure is called a heterojunction, and a multilayer heterojunction is called a heterostruc-
ture. The difference in Fermi energy levels allows the presence of a built-in electric field at
the heterogeneous interface, which significantly accelerates the charge transfer process and
thus enhances the electrical conductivity of the material [101]. The standard methods to
construct heterostructures include mechanical assembly and the in situ growth of compo-
nents combined with chemical bonding forces. In general, in situ development consists
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of one component growing directly on a specific crystal plane of another component, and
the resulting heterostructure is more robust. For TMXs, the in situ growth method of
chemical vapor deposition is commonly used to construct heterogeneous structures. This
method also has the advantage of regulating the configuration of heterogeneous struc-
tures by controlling synthetic parameters (gas flow rate and temperature). Wei’s research
group [54] prepared FeS nanowires (FeS@NSC composite) uniformly coated with N and
S co-doped carbon layers by a simple one-step chemical vapor deposition method and
formed heterostructures with solid interaction on the surface of ultra-thin carbon shell
and FeS nanowires. This method has better environmental compatibility, good cost effect,
and a simpler procedure than previous synthesis methods. When used as an SIB anode, it
exhibits high capacity (611.6 mA h g−1) and excellent long-cycle stability (94.7% capacity
retention after 2000 cycles at high current density 20 A g−1) [54].

Batteries 2023, 9, x FOR PEER REVIEW 16 of 29 
 

 

Figure 7. (a) A sketch of the preparation of MoS2 with S-vacancies; (b) TEM; (c) EPR results; (d) 

density of states; (e) intercalation energy of Na+; (f,g) electrochemical performance [100]. 

3.2.2. Construction of Heterogeneous Structures 

When two materials with different Fermi energy levels come into contact, the inter-

face structure is called a heterojunction, and a multilayer heterojunction is called a heter-

ostructure. The difference in Fermi energy levels allows the presence of a built-in electric 

field at the heterogeneous interface, which significantly accelerates the charge transfer 

process and thus enhances the electrical conductivity of the material [101]. The standard 

methods to construct heterostructures include mechanical assembly and the in situ 

growth of components combined with chemical bonding forces. In general, in situ devel-

opment consists of one component growing directly on a specific crystal plane of another 

component, and the resulting heterostructure is more robust. For TMXs, the in situ growth 

method of chemical vapor deposition is commonly used to construct heterogeneous struc-

tures. This method also has the advantage of regulating the configuration of heterogene-

ous structures by controlling synthetic parameters (gas flow rate and temperature). Wei’s 

research group [54] prepared FeS nanowires (FeS@NSC composite) uniformly coated with 

N and S co-doped carbon layers by a simple one-step chemical vapor deposition method 

and formed heterostructures with solid interaction on the surface of ultra-thin carbon shell 

and FeS nanowires. This method has better environmental compatibility, good cost effect, 

Figure 7. (a) A sketch of the preparation of MoS2 with S-vacancies; (b) TEM; (c) EPR results;
(d) density of states; (e) intercalation energy of Na+; (f,g) electrochemical performance [100].

Although the heterostructure constructed by TMXs and traditional carbon-based ma-
terials can indeed enhance the electrochemical performance, due to the poor electronic
coupling between non-polar carbon materials and polar TMXs, the formed heterostructures
are challenging for maintaining structural stability for a long time and ultimately hinder
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the rapid transfer and diffusion of ions, resulting in reduced cycling performance [102–104].
The strongly polar MXene has more substantial electrical conductivity and lower ion
migration potential than the conventional carbon materials, and there are also a large
number of O, OH, F, and other functional groups on the surface to regulate the interfacial
properties, which are expected to replace the conventional carbon materials and TMXs
to form MXene-based heterostructures with better performance [105,106]. However, syn-
thesizing such heterostructures is not only tedious but also uses strong corrosive HF, and
even the oxidation of HF may lead to the oxidation of MXene, which significantly hinders
the broad application of this heterostructure. To address this problem, Huang’s research
group [107] developed a simple and safe molten salt etching method to successfully pre-
pare Ti3AlC2/MSy heterostructures, which is generally applicable to other TMXs. The
authors first redox the MAX precursor Ti3AlC2 with FeCl2·4H2O molten salt by molten
salt etching, where Fe2+ oxidized the Al in Ti3AlC2 to Al3+ away, leaving the gaps con-
nected by functional groups such as Cl, OH, O, etc. (Figure 8a). Since these functional
groups contain lone pairs of electrons and can adsorb transition metals containing empty
orbitals, the Ti3C2Tx/MSy heterostructure is finally obtained by sulfidation treatment. This
method avoids hazardous HF and the oxidation of MXene due to the synthesis in a molten
salt environment. In addition, TMXs are grown in situ on MXene, and the interface be-
tween the two exhibits a strong interfacial electron coupling effect, ensuring close contact
between Ti3C2Tx and FeS2. When the Ti3C2Tx/FeS2 heterostructure is used as the SIB
anode, the dual sodium storage mechanism results in excellent rate performance (Figure 8b)
and outstanding long-cycle stability (Figure 8c). In addition, the sodium ion full cell as-
sembled from the Ti3C2Tx/FeS2-negative electrode and the Na3V2(PO4)3 cathode has an
outstanding specific capacity of 431.6 mAh g−1 after 1000 cycles at 3 A g−1. In conclusion,
generating highly conductive Ti3C2Tx MXene with a heterogeneous TMX interface exhibits
significantly enhanced electron conductivity, Na+ diffusion kinetics, and robust structure
(Figure 8d) [107].

Additionally, TMXs with metal monomers to form heterostructures are also a good
choice. Compared with the poor bulk energy of TMX/conducting nanocarbon heterostruc-
tures, TMX/metal monomers may achieve both fast electron/ion transport and high-
volume capacity. Sun’s research group [108] generated Ni-Ni3S2@SC composites in situ
on mesoporous NiO templates using one-step chemical vapor deposition (CVD) and thio-
phene reduction. Here, the thiophene not only provided the sulfur source but also partially
transformed into a dense S-doped carbon matrix coating the NiO surface of the internal
interconnected pore channels, and the presence of carbon reduced a small quantity of NiO
to Ni nanoparticles modified on the Ni3S2 nanoparticle surface, resulting in two heteroge-
neous interfaces Ni3S2/carbon and Ni/Ni3S2. The dense S-doped carbon matrix coating
ensured the stability of the structure, and the Ni nanoparticles promoted internal electron
transport. The construction of two heterogeneous interfaces provides a strong electric field
to enhance the electron conductivity and ion migration kinetics, resulting in Ni-Ni3S2@SC
composites with good rate performance, extended cycle stability, and high volume capacity
for both potassium ion batteries and SIB applications [108]. When two TMXs have similar
lattice structures and suitable energy band gap differences, electrons can be transferred
between different energy levels and thus form a heterostructure [109]. Zhang’s research
group [110] prepared a dense, non-porous Fe9S10 @MoS2@C composite material with Fe9S10
as the core and sequenced MoS2 and carbon coating on the surface. This dense (1.27g cm−3)
non-porous structure possesses an incomparable vibrational density of previous materi-
als. Due to the vast energy band gap between the highly conductive Fe9S10 and MoS2, a
solid electric field heterostructure is formed, which enables it to undergo fast ion diffusion
kinetics, even in a dense structure [110].
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During the Na-ion insertion/extraction in TMXs, transition metal and NaXn are often
formed by conversion reactions. However, due to the agglomeration of the intermediate
product NaXn, the reversibility of the conversion reaction is affected, resulting in slow
sodium ion transport kinetics. It is inferred that the built-in electric field often formed by
the heterostructure, especially when the other phase constituting the heterostructure is non-
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homogeneous, produces a phase interface that induces lattice defects and deformations at
the heterostructure interface, which can eventually improve the Na+ storage energy [76,77].
Cao’s research group [111] briefly prepared Bi2S3/MoS2 heterostructures and explored
in depth how the phase interfaces generated by the non-homogeneous heterostructures
can improve the sodium ion storage kinetics. First, the authors observed that TEM and
HRTEM images can obtain the non-homogeneous structure and multiphase morphology of
the complexes. Here, the non-homogeneous heterostructures are formed spontaneously
because Bi2S3 is a P-type semiconductor with positively charged hole conductivity, and
MoS2 is an N-type semiconductor with electron conductivity. Heterojunctions are easily
created when the two semiconductor materials have different forbidden bandwidths.
The reasonable construction of the heterostructure generates abundant phase boundaries,
increases the storage sites of Na+, improves the electronic conductivity, and enables the
recrystallization and homogeneous distribution of the agglomerated intermediate product
NaXn so that the conversion reactions of Bi2S3 and MoS2 with Na+ can be carried out
reversibly, which enhances the stability of the structure and finally shows excellent sodium
storage capacity [111].

3.2.3. Composite with Carbonaceous Materials

It is a standard method to compound TMXs with a highly conductive carbon material
to improve the conductivity of the electrode. The introduction of the carbon material can
provide a directional transport channel for ions and electrons, thus speeding up the dynam-
ics and reducing the transmission resistance. In addition, it can also separate the nanoma-
terials to ease the aggregation and reserve buffer space for the volume change [112–114].
Antimony-based materials have high theoretical capacity, but low conductivity and signifi-
cant volume expansion limit their applications. Yang’s research group [115] successfully
prepared Sb2X3 (X=S or Se) nanodots confined within S- or Se-doped conductive carbon
skeletons by sulfidation or selenization using antimony sodium gluconate as the precur-
sor, where each nanodot is protected by an interconnected carbon network, and both
improve conductivity and mitigate volume expansion. In addition, the ultra-small nan-
odots also provide smaller Na+ diffusion energy barriers and shorter sodium ion transport
channels [115].

Heteroatom doping can induce structural distortions and charge density changes in
carbon materials, providing a large number of active sites. Therefore, doping heteroatoms
in carbon materials can improve the electronic and chemical properties of regulated carbon
materials, and the electrical conductivity of the materials will be better [116,117]. Sun’s
research group [118] calcined the precursor ZnSn(OH)6 coated with polydopamine at a high
temperature, in which the polydopamine becomes an N-doped carbon shell encapsulated
on the surface of the precursor. At the same time, the zinc evaporates, leaving voids. Finally,
the cubic block of N-doped carbon shells encapsulated with spherical SnS2 nanoparticles of
SnS2@C yolk-shell composites is obtained by sulfidation treatment. Voids exist between the
carbon shells and the SnS2 core. The formation of the N-doped carbon shell prevents the
aggregation of SnS2 nanoparticles, relieves the volume expansion, and forms a conductive
carbon matrix to increase the electrical conductivity of the material. When used as an SIB
anode, it exhibits excellent specific capacity (750 mAh g−1 at 100 mA g−1) [118].

Graphene with large π bonds of multiple atoms has excellent electrical conductivity
and is commonly used as a carbonaceous network. Mainly, TMXs with a high specific
surface area can produce a large interface area when coupled with graphene, significantly
shortening the ion diffusion path and forming a highly accessible channel at the interface,
which promotes the formation of surface redox pseudocapacitors and interfacial pseudoca-
pacitors, respectively. Graphene oxide (GO) is the oxidized graphene, which is more active
than graphene with wealthy oxygen-containing functional groups [119]. However, the
direct coupling is complex due to the electrostatic repulsion between the oxygen-containing
functional groups and oxide precursors on graphene oxide, and the electrostatic charge
on the surface of graphene oxide needs to be adjusted first [120–122]. Zhao’s research
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group [123] used the surfactant cetyltrimethylammonium bromide (CTAB) to assist in
coordinating the surface charge of graphene oxide. The long-chain alkyl part of CTAB is
connected to the GO surface, and the positively charged CAT+ attracts the MoO4

2− anion,
which uses the strong interfacial coupling formed by the Mo-C chemical bond to prepare
MoSe2 nanosheets with directionally controlled growth on graphene. Here, the graphene
matrix effectively prevents the aggregation of MoSe2 nanosheet arrays and enhances the
conductivity of the electrode [123].

Another method is the composite with MOF precursors, where the carbon matrix and
metal ions come from the same molecule. The two will be more tightly bonded in the
subsequent process, effectively overcoming the drawbacks of the external carbon source.
Li’s research group [124] embedded ultra-small Fe7S8 nanoparticles into the N-, S-, and
O-doped carbon skeleton to obtain Fe7S8@HD-C composite material. The heteroatom-
doped carbon skeleton provides a conductive path for electroactive particles, promotes the
rapid transfer of sodium ions, and improves the conductivity, showing excellent reversible
capacity of sodium ion storage (0.1 A g−1, 675 mAh g−1) [124]. Zhao’s research group [125]
used polyacrylonitrile (PAN) nanofibers obtained by electrospinning technology as the
skeleton and then grew cobalt organic framework (ZIF-67) nanofibers vertically on PAN
nanofibers by a simple liquid-phase impregnation growth method, and obtained “dendritic”
CNF@CoSSe@C by selenization treatment. This bionic design results in a suitable electronic
structure, low Na+ migration barrier during charging and discharging, and excellent electri-
cal conductivity, and exhibits excellent long-cycle stability (over 13,000 cycles at 20.0 A g−1

with a capacity decay rate of 0.01%) when CoSSe@C is used as an SIB anode [125].
MXene is a graphene-like structure obtained by etching the A element in the MAX

phase (M is the transition metal of the previous groups, A is the leading group element,
and X is C or N), which often exhibits excellent metal-like electrical conductivity (up to
~104 S cm−1) due to the combination of MXene surface, which may be pretty complex
with one or some hydroxyl groups, O, F, and other capping groups [126,127]. Li’s research
group [128] grew ZIF-67 polyhedrons on the hollow thin-walled spherical MXene surface
in situ and then obtained N-doped carbon-coated CoS2 nanoparticles (MXene@CoS2/NC)
on the hollow thin-walled spherical MXene surface in situ by subsequent carbonization and
sulfurization. Here, MXene provides high electrical conductivity and ion transport channels.
The hollow spherical structure can relieve volume expansion, and the construction of CoS2
and MXene heterostructures can modulate the Co-S bond energy and improve the sodium
storage kinetics of CoS2. When used as an SIB anode, MXene@CoS2/NC exhibits high
reversible capacity (620 mAh g−1 at 0.2 A g−1), excellent rate performance (394 mAh g−1 at
5 A g−1), and excellent cycling stability (355 mAh g−1 after 5000 cycles) [128].

4. Conclusions

This paper briefly describes the main challenges encountered by TMXs in recent
years for SIB-negative electrodes and the corresponding solution strategies, including
nanostructure engineering, defect engineering, cladding engineering, the construction of
heterostructures, and composites with carbonaceous materials. A summary of some of
these solution strategies in recent years is presented in Table 1. Although these strategies
have achieved good results so far, the capacity obtained is still far from the high theoretical
capacity of TMXs, and many problems still need to be further investigated. According to
our analysis, the future research directions of SIBs are prospected.

1. Mitigating the volume expansion and agglomeration of TMX materials during charge/
discharge cycles is a crucial issue in improving structural stability. At present, the
research mainly focuses on the structural and dimensional design of materials, appar-
ently starting with the construction of small-sized nanomaterials, hollow structures,
porous structures, and egg yolk-shell structures; these structures with void spaces
are often constructed using MOF and MXene as templates, and the existence of voids
can alleviate the volume change. The problem of small-size nanoparticles prone to
accumulation and agglomeration can be alleviated by covering the surface of each
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nanoparticle with carbon layers or carbon networks. The intrinsic aspect is mainly
to regulate the crystal structure inside the material, and defects or vacancies are in-
troduced by defect engineering to regulate the electron distribution, which in turn
affects the crystal structure.

2. Enhancing the conductivity of materials is the key to obtaining high-capacity batteries,
and most of the solutions commonly used at present focus on heteroatom doping,
introducing vacancy, constructing heterogeneous structures, and composite with car-
bon matrix materials (such as graphene, MOF precursors, MXene, etc.). Traditional
heteroatom doping such as N, S, P, and other atoms can also improve the conductivity
of the materials, but such dopants are often more expensive and environmentally
unfriendly. The use of cheap and environmentally compatible materials (such as
chlorella) may be the future trend of dopant development. Building heterogeneous
structures is also a common method to improve the conductivity of TMXs because
it can form an internal electric field. The key to this approach is the choice of an-
other material. For example, TMXs combined with a non-polar carbon material will
form an unstable heterogeneous structure due to poor electronic coupling but can
form a strong and stable electric field with a strongly polar carbon material (such as
MXene). The volume energy of TMXs is often poor after forming a heterogeneous
structure with conductive carbon, which can be solved by combining with metal
elements/metal compounds. In addition, the formation of heterogeneous structures
can also play a role in slowing down the agglomeration of intermediate products
during the charge–discharge cycle. The development of materials that can form strong
and stable heterogeneous structures with TMXs and have high-volume energy may
be the trend of future development. Composite TMXs with carbonaceous materials
(such as graphene oxide, MOF, MXene, etc.) are also a good choice, especially when
using MOF materials, as the carbon matrix and metal ions are derived from the same
molecule, and the two can form strong electronic coupling. Therefore, the devel-
opment of carbon materials with strong electrical conductivity and strong electron
coupling is the key to this method.

3. The current trend is to combine these approaches to improve structural stability and
electrical conductivity and develop simpler, environmentally friendly, and less costly
synthetic methods to synthesize TMX composites. In addition, it is necessary to
combine more advanced characterization techniques and more theoretical work to
fully explore the internal mechanism leading to the structural instability and poor
electrical conductivity of active materials and fully understand the sodium storage
mechanism and failure mechanism of SIBs. In recent years, full batteries that match
TMX-negative electrodes with other positive electrode materials have been developed,
but truly commercialized full batteries are few and far between and still require a lot
of effort.

Table 1. Electrochemical performance of representative SIB anodes.

Materials Synthesis Method Cycle Performance Rate
Performance Electrolyte Voltage

Interval Reference

Fe7Se8 @C@MoSe2 co-precipitation 87%/600/1 274.5/5 1M NaPF6 / [129]

Willow-leaf-like
ZnSe@NC solvothermal 242.2/3200/8 144.4/10 1M NaCF3 SO3 0.01–3 [130]

FeSe2 @C microspheres hydrothermal 428/1000/1 / 1M NaCF3 SO3 0.5–2.9 [131]

FeSe2/NC@GE / 323/1000/2 331/5 1M NaClO4 1.0–3 [132]

SnSe2/ZnSe@PDA
nanobox co-precipitation 616/1000/1 / 1M NaPF6 0.1–3 [83]

FeSe2 @NC microrods hydrothermal 401.3/2000/5 411/10 1M NaCF3 SO3 0.4–2.9 [133]

ZnSe⊂N-
C@MoSe2/rGO template engaged 177.7/5000/10 224.4/10 1M NaClO4 0.01–3 [134]
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Table 1. Cont.

Materials Synthesis Method Cycle Performance Rate
Performance Electrolyte Voltage

Interval Reference

Mesoporous FeSe2 @C selenization 483/100/0.2 / 1M NaClO4 0–3 [135]

Core/shell FeSe @CNS
nanosheet in situ pyrolysis 100/10,000/30 183.8/30 1M NaCF3 SO3 0.01–2.8 [136]

CNT/FeSe2/C wet chemistry 546/100/0.1 423/0.5 1M NaClO4 0.01–3 [89]

Fe7Se8/N-CNF electrospinning / 286.3/20 1M NaCF3SO3 0.5–2.5 [78]

SnSe2/FeSe2/NC co-precipitation 408.1/1200/6 345/20 1M NaPF6 / [137]

CoSe/G self-assembly 214/600/2 290/5 1M NaClO4 0.01–3 [92]

In2Se3-CoIn2-CoSe2 / 205.5/2000/10 371.6/20 1M NaPF6 0.01–2.5 [138]

FeSe2 microspheres solvothermal / 525/20 1M NaPF6 0.01–3 [139]

FeSe2 @rGO / 350/600/5 / 1M NaPF6 0.01–3 [140]

Co0.85Se@ carbon
nanotubes pyrolysis selenization 306.4/800/2 222.5/5 1M NaClO4 / [75]

Rich-oxygen-doped
FeSe2 nanosheets / 268/700/1 258/3 1M NaCF3 SO3 0.25–2.5 [141]

3DG/CoSe2 @CNWs solvothermal 302/500/2 / 1M NaClO4 0.01–3 [64]

VSe2 @PPy selenization 324.6/2800/4 260/10 1M NaPF6 / [142]

Bi2S3/MoS2 solvothermal 323.4/1200/10 / 1M NaCF3SO3 0.1–3 [111]

Fe7S8 @HD-C one-step sulfidation 480/320/2 326/10 1M NaPF6 0.01–3 [124]

Cu1.81S truss structures selective reduction 77.7%/1000/3 331/3 1M NaPF6 0.01–2.6 [65]

SnS2 @C nanobox metal evaporation / 362/5 1M NaClO4 0.01–2.5 [118]

Hollow CuS hydrothermal / 246.4/5 1M NaCF3 SO3 0.001–3 [143]

Fe9S10@MoS2 @C / 93.4%/1000/2 132/50 1MNaClO4 / [110]

Nb2CTx@MoS2 @C hydrothermal 403/2000/1 260/40 1M NaClO4 0.01–3 [58]

CuS/FeS2 @NC two-step pyrolysis 99.1%/300/5 537/5 1M NaPF6 0.01–2.7 [144]

Hollow
MXene@CoS2/NC

carbonization and
sulfurization 620/5000/0.2 394/5 1M NaCF3 SO3 0.25–3 [128]

Lotus-leaf-like FeS @N,
S-CNSs construction 370/300/5 / 1M NaSO3 CF3 0.02–2.5 [145]

GeTiS3 atomic scissors 209/10,000/32C 209/32C 1M NaPF6 0.01–2.5 [146]

Ni-Ni3S2 @SC edge-to-edge / 289/2 1M NaClO4 0.01–3 [108]

Yolk-shell Fe7Se8 @C/N
nanoboxes

etching and
selenization

Nearly
100%/1000/1 316/5 1M NaCF3 SO3 0.5–2.5 V [147]

Few-layered
Ti3C2/Co2Se4

solvothermal 379.2/100/0.1 289.1/5 1M NaClO4 0.01–3 [148]

V3Se4/NP CNFs electrospinning 340/8000/5 240/113,000/10 1M NaClO4 0.01–3 [99]

Fe3Se4/ZnSe @C / 473.8/300/5 456.2/5 1M
NaCF3SO3

0.01–3 [149]

Co3Se4 @rGO selenization / 229.3/50 1M NaClO4 0.01–3 [150]

Cu2PxSe1 -x@C / 249.7/1000/20 / 1M
NaCF3SO3

0.01–3.0 [97]

Co0.85Se-Fe7Se8 @rGO / 300.8/1000/1 / 1M NaPF6 0.01–3.0 [151]

Cu2Se@PPy self-polymerization 263.5/2000/10 / 1M NaCF3 SO3 / [152]

Branch-leaf
CNF@CoSSe@C electrospinning 0.01%every

cycle/13,000/20 / 1M NaCF3 SO3 0.01–3.0 [125]

Fe3Se4@SiO2 @C
nanorods situ conformal growth 272/4200/20 / 1M NaCF3 SO3 / [153]

NiTeSe–NiSe2 nanotubes hydrothermal 389.6/1400/10 582.5/0.5 1M NaPF6 0.01–3 [154]

NiSe2@NGCF template 406.1/3000/5 558.3/200/0.5 1M NaClO4 0.01–3 [155]
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Table 1. Cont.

Materials Synthesis Method Cycle Performance Rate
Performance Electrolyte Voltage

Interval Reference

V2C/Fe7S8@C
composites hydrothermal / 389.7/5 1M NaClO4 0.01–3 [156]

SnS/SnS2@SG-K alkali ion-assisted
growth 372/500/10 241/0.05/48 1M NaClO4 0.01–3 [157]

CuGaSe2@ZnSe-NC hydrothermal 276/2000/2 595/0.2 1M NaClO4 0.01–3 [158]

CoSe2/O-C
salt-fixed and

thermochemical
manners

346/3500/15 / 1M NaCF3 SO3 0.01–3 [159]

SnS1.5Se0.5/NS-C microwave 670/500/0.2 647/10,000/5 1M NaPF6 0.5–2.8 [160]

NiSe2/CoSe2
nanoparticles

solvothermal
co-precipitation 296.4/1500/10 296.4/10 1M NaCF3 SO3 0.01–3 [161]

SnSe0.5S0.5@ NG in situ encapsulating 547/200/0.2 387/10 1M NaClO4 0.01–3 [162]

Ni1/3-xCo1/3-yMn1/3-zSe2/MnSe2

co-precipitation and
high-temperature
solid-state route

400/2000/2 400/2 1M NaPF6 0.3–3 [163]
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