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Abstract: The typical two-dimensional layered structure materials, MXenes, are widely used in
energy conversion and storage due to their high conductivity, ion transport ability, and rich surface
structures. Recently, MXenes and their composites have been widely employed in secondary batteries,
especially sodium-ion batteries (SIBs), with obvious performance improvement. As anodic materials,
MXenes, metal oxides, metal sulfides, and other materials contain certain advantages in Na* storage,
but they individually also suffer from some issues and challenges, such as low conductivity and
serious volume change, as well as the associated low capacity and poor cyclability. By virtue of
the advantages of MXenes, with their high conductivity and ultrathin two-dimensional structures,
the construction of surface-functionalized MXenes and MXene-based composites could effectively
improve the conductivity and mass-transport properties of composites, alleviate volume expansion,
and, thus, enhance the capacity properties, rate performances, and cycle stability of SIBs. Herein,
we review the latest research status of the structural design of MXenes and Mxene-based materials,
as well as their applications in SIBs. We briefly introduce the research background and introduce
MXenes and SIBs, and focus on their structural designs and corresponding applications in SIBs.
Finally, the important challenges of MXene-based materials applied to SIBs are discussed, and the
future prospects of MXene-based composite developments in SIBs are presented.

Keywords: Na-ion battery; two-dimensional structure; MXene-based materials; energy storage
device; structure design

1. Introduction

The utilization of renewable energy is significant in achieving sustainable energy
supplies. In particular, the use of clean energy, including wind, water, solar, and tidal energy,
as well as other renewable energy sources, could effectively relieve carbon emissions and
become a promising alternative for the future power industry [1,2]. However, the instability
and discontinuity of renewable energy, which is significantly affected by environment and
climate conditions, requires highly efficient energy conversion and storage devices (ECSDs).
Electrochemical ECSDs, such as secondary batteries, supercapacitors, and fuel cells, have
been widely used in recent decades [3-8]. Among them, rechargeable secondary batteries
are the most effective electrochemical ECSD technologies, especially Li-ion batteries (LIBs),
which are endowed with high energy density, long life cycles, environmental friendliness,
and low self-discharge rates [9,10]. As a typical electrochemical ECSD, LIBs are used in
electric vehicles, portable electronic devices, wearable energy devices, large-scale energy
storage, and other fields [5,11,12]. However, the Li content in the Earth’s crust is only
0.0065%, and the need for lithium resources has also increased significantly with the
large-scale use of LIBs, which has meant that it has gradually failed to meet the growing
demand [2]. These reasons have further aggravated the rise in the cost of LIBs, making
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them gradually lose their advantages in low-speed electric vehicles, large-scale energy
storage, and portable electronic devices.

Na and Li belong to the IA group, which is endowed with similar chemical and
physical properties. In the crust, the Na content is 2.75%, more than 400 times that of Li,
and it is rich and has a low cost [2]. Thus, SIBs with similar rocking-chair mechanisms
based on Na™* reactions have attracted more attention [13]. In aprotic systems, the Na*/Na
electrode potential is —2.93 V, close to that of Li*/Li (—3.05 V), which is conducive to
improving battery voltage and energy density [14-16]. In addition, the desolvation energy
of Na* based on propylene carbonate solvent is 158.2 k] /mol, obviously lower than that of
Li* (215.8 k] /mol), which can form small solvated ions with faster diffusion kinetics in the
battery reaction [17]. More importantly, the similar properties of Li and Na mean that the
research and development of SIBs have many reference bases. For example, substituting
many Li-containing cathodic materials with electrochemical activity with Na would lead to
similar activity in SIBs, such as NaFePOy, NaCo1.x.yNixMnyO,, and other layered rock-salt
structures [18]. The transition metal oxides, sulfides, and carbon materials, as well as silicon,
have superior Li* storage performance and also cause electrochemical activity in SIBs. This
similar technical route has helped researchers make important progress in the research and
development of SIBs, and the technologies have developed rapidly in a relatively short
time [1,18-23]. However, large differences in the radius of movable ions (1.02 and 0.76 A
for Na* and Li*) result in slow kinetics, serious volume expansion in discharge—charge
processes, and capacity decay, as well as the poor rate performance and cyclability of SIBs.
Thus, it is the main bottleneck in developing long-life electrode materials with the stable
intercalation/deintercalation of Na*, which seriously restricts the practical application of
SIBs in the future [19].

MXenes are novel two-dimensional (2D) materials with excellent conductivity and low
ion diffusion barriers that are widely used in energy storage and conversion, electrolysis,
adsorption, and other surface-related fields [24-27]. MXenes, such as Ti3C,, are fabricated
by selectively etching Allayers in MAX Ti3AlC; and have become one of the most important
materials in electrochemical ESCDs. MXenes can mainly be obtained using two typical
etching methods: wet chemical etching and molten salt etching. The resultant ultrathin
2D MXenes have large specific surface areas, high conductivity, rich active sites, and
2D ion transport channels [28], which can provide rich active sites for ion storage and
enhanced reaction kinetics [27,28]. These superior properties endow them with highly
applicable potential in SIBs, LIBs, Li-O; batteries, Li-S batteries, aqueous Zn-ion batteries,
and supercapacitors [29-34]. As electrode materials, their ultrathin structures have large
specific areas, which are conducive to mass transport in the electrode, especially regarding
the accessibility of electrolytes [35,36]. Simultaneously, with a typical layered structure,
they have large layer spacing, which benefits the transfer of large ions in the interlayer and
presents unobvious volume changes, ensuring structural stability. In addition, surface areas
with functionalized group terminations could serve as active sites to adsorb or capture
intermediators in discharge-charge processes. More importantly, this 2D structure has
excellent electron conductivity, which causes fast electron transfer in the discharge—charge
process and facilitates reaction kinetics [31,37]. In addition, MXenes have good adjustability,
which can be converted from an accordion-like three-dimensional (3D) structure into
nanodots, nanobelts, nanosheets, and porous 3D structures. They can also be functionalized
using controllable surface modification via loading or the in situ generation strategy to
construct new and highly efficient composites.

For MXenes, when used in batteries as active materials, their performance is limited
by inevitable stacking, resulting in low capacity as well as poor durability and rate perfor-
mances [26,38]. To effectively utilize MXenes, there has been extensive research carried out
to optimize their electrochemical performance via surface structure functional modification,
as well as the construction of heterostructures and hybrid structures. When MXenes are
employed in compounding, their layered structures could provide more channels, and
other materials adhering to MXenes or grown between MXene sheets could expand the
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layered space in MXenes and relieve the volume expansion in operation. Therefore, MXenes
have good advantages in enhancing the stability and reversibility of sodium storage, and
they can be developed into materials with high-capacity and good rate performance via
reasonable structural design and combining their advantages with other sodium storage
materials. There have been many reviews on the composites and applications of MXenes
and MXene-based materials; however, the structural design of MXene-based materials
and their applications in the anodic materials of SIBs are less reviewed. With the com-
mercialization of SIBs, their key technical indicators, such as their capacity properties and
rate performance, need to be further improved, which is a huge challenge. Therefore, this
paper selected promising MXene-based electrode materials as the research objects and
summarizes the research on the anodes of SIBs in recent years, hoping to provide some new
ideas on the development of new electrode materials from the perspective of structural
design.

2. Structure and Synthesis of MXenes
2.1. Structure Characteristics

MXenes contain transition metal carbides and nitrides, marked as M1 Xn Tx. MXenes
are obtained by etching MAX (My11AX,), as shown in Figure 1a, where M is the Ti, Mo,
Zr, and Cr elements; A is the Al, Si, Ga, and Ge elements; X is the C and N elements;
and T is the functional groups on the MXene’s surface [39]. MXenes have a hexagonal,
closely packed structure with an ABABAB type. However, due to the influence of element
proportions, face-centered cubic structures also exists in M3, and My X3 with an ABCABC
type [40]. Many MXene types have been explored and reported over the past decade, such
as Tizc, Ti3C2, T13CN, Ti4N3, VzC, CI‘Q,TiCz, M02C, MO3SCC2, ZI‘3C2, and szC [39—42] The
structure of MXenes is highly dependent on the parent materials. Among these different
MXenes, Ti3C; has been widely investigated due to its accessibility, which is obtained from
the hexagonal structure of Ti3AlC;, even with scale-up production [43]. With the removal
of the Al layer from TizAlC,, the Ti3C; phase presents high electron density at the Fermi
level compared with the parent-phase TizAlC,, displaying metal conductivity. For MXenes,
the majority of them have metal-like electron conductivity and hydrophilic natures due to
conductive cores and rich surface-functionalized groups formed in the preparation process,
which have good adjustability [44]. Benefitting from their unique structure, MXenes are
considered promising 2D materials in electrochemical energy conversion and storage.

2.2. Controllable Synthesis

MXenes are usually prepared by selectively removing A from the M;,;1AX, phase
with Lewis acid (an HF solution, a mixing fluoride solution, or molten salt-containing
halogen ions, as shown in Figure 1b) [27]. After etching, an MXene changes from the block
structure of its precursor to an accordion-like structure, and the surface of the MXene
sheet will produce rich functional groups, such as F and OH, which also lay a structural
foundation for the MXene’s easily modified properties. To obtain high-quality MXenes,
the accordion-like structure needs to be further intercalated and stripped to form ultrathin
MXene nanosheets so as to assure the advantages of having large surface areas and high
conductivity. In an HF solution system, after etching, the MXene is chemically intercalated
with organic molecules (such as DMSO and TMAOH) to form monolayer or few-layer
MXene nanosheets [45]. As for the mixing fluoride solution method (HCl + LiF/NaF/KF),
which is a more environmentally friendly and safer strategy, the combination of HCl
and fluoride salts generates the HF solution and intercalation solvent, so the etching and
delamination processes can be carried out simultaneously, which is for better controlling
the MXene’s size and quality [46]. MXenes can also be obtained in molten salt, avoiding
oxidation and surface defects, as well as producing adjustable functional groups. For
example, TizC,Br, was successfully synthesized by halogen-compound-etching Ti3 AlC,
in [47], while iodine in anhydrous acetonitrile benefited to oxygen-terminal Ti3C2Tx [48].
In addition, Sun et al. successfully realized MXenes exfoliated under fluoride-free action
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with LIB reactions by al-loying Li and Al layers at low potential, combined with the
strategy of using a water-phase micro-explosion reaction, which is a relatively new and
environmentally friendly method but may be limited by the output of products [49]. At
present, this method is not widely used. Even so, the synthesis method, which used
etchant, pH conditions, and treated temperatures, could affect the quality and productivity
of MXenes, as well as the determination of the termination type and its distribution [44].
Therefore, in order to obtain an MXene with a specific structure and composition, it is
very important to select appropriate preparation methods and conditions, which play an
important role in the subsequent functionalization or further applications of MXenes. As
new, ultrathin 2D materials, MXenes have many advantages and excellent characteristics,
such as adjustable layer spacing, high conductivity, outstanding mechanical stability, rich
polar functional groups, large surface areas, and modifiability. Therefore, they are widely
used in electrochemical energy storage, such as SIBs, LIBs, Li-S batteries, Li-O, batteries,
and supercapacitors [31,32,34,49,50].
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Figure 1. (a) lllustration of the structural categories of 2D MXenes (reproduced with permission from
Ref. [51]; copyright 2021, Springer). (b) Schematics of the main strategies for producing MXenes
by removing A layers from MAX via F-containing acids and molten salt etching (reproduced with
permission from Ref. [27]; copyright 2021, Science).

3. Anode Materials Based on MXenes and Their Composites

Sodium storage performance based on MXenes is restricted by inevitable stacking,
low specific capacity, and high charge voltage [25,26,52]. To effectively utilize MXenes,
many studies have been carried out. One of the main strategies is to effectively regulate the
composition, structure, and surface characteristics of MXenes in order to achieve excellent
sodium storage activities. Another important strategy is to construct MXene-based com-
posite structures [1]. In composites, layered MXenes can provide more ion channels, and
other sodium storage materials uniformly adhered to or grown on MXene sheets can expand
the layered space. In particular, cheap, nonmetal materials such as Si, P, C, and low-cost
oxides and sulfides have relatively high theoretical capacities [52-55]. However, as shown in
Figure 2, most of them result in low electron conductivity and serious volume expansion in
discharge-charge processes, which results in poor rate performances and cyclability. As we
know, reducing the particle size and simultaneously introducing a high-conductivity sub-
strate are effective ways of improving performance. Thus, the construction of MXene-based
composites with sodium storage materials could improve specific capacity, cyclability,
and rate performance via enhanced conductivity, stable intercalation/deintercalation, and
promoted kinetics, which is the current focus of research. Herein, we review the current
research progress, especially the structural design and applications in SIBs from the per-
spective of MXenes and their related composites, including nonmetal materials/MXenes,
metal-oxides/MXenes, sulfides/MXenes, and other MXene-based composites (Figure 2).
All of the performance structures of these materials are summarized.
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Figure 2. Problems in SIBs and the structural designs of MXene-based materials.

3.1. Anode Materials Based on Pure MXenes

The low ionic/electron transfer kinetics in electrodes is one of the limiting factors in
developing high-performance anode materials. There are many useful structures employed
to improve the battery performance, and the key parameters are listed in Table 1, which
presents the obvious improvements. In detail, Yang et al. investigated the application of
different MXenes in SIBs via density functional theory (DFT), inferring the weak interaction
between Na* and MXenes [56]. The lower diffusion activation energy in MXenes may be
beneficial to ion migration, leading to fast Na* transmission and making them promising
anode materials. Lv et al. prepared Ti3C2Tx with HF etching and associated with sonication
in DMSO, which presented a specific ca-pacity of 110 mAh/g at 0.1 A/g [57]. The DMSO
intercalating into the Ti3C,Tx improved the specific area by enlarging the spacing, thus
obtaining a few-layer structure, which effectively facilitated the electrode reaction and led to
obvious performance improvement. Liang et al. reported that TipCy 5N 5Tx spontaneously
intercalated by tetramethylammonium—which was treated by sonication in water—had the
potential to produce 2D nanosheets on a large scale [58]. TipCy5Ng5Tx showed a capacity
of 182 mAh/g at 0.02 A/g with a coulombic efficiency (CE) of 70%, higher than that of
Ti,CTy due to the introduction of N with more efficient electroactive sites.

Table 1. Performance comparison of different MXene anodes in SIBs.

Long-Term

Current

Charge Voltage at

Materials Capaity Density Cycle Number Rate Performance Medium Capacity Ref.
Ti3Co T 103 mAh/g 01A/g 500 85 mAh/g@0.5A/g ~1.5V [57]
TiyCo5No5Tx 46 mAh/g 02A/g 500 60 mAh/g@1 A/g ~15V [58]
Nb,CTx 102 mAh/g 1A/g 500 99 mAh/g@2 A/g ~1.7V [59]
3D TizC, Ty 295mAh/g 25C 1000 120 mAh/g@25 C ~1.5V [60]
3D V,CTy 310 mAh/g 25C 1000 170 mAh/g@25 C ~1.5V [60]
3D Mo,CTy 290 mAh/g 25C 1000 125 mAh/g@25 C ~1.5V [60]
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Table 1. Cont.

Long-Term Current Charge Voltage at

Materials Capacity Density Cycle Number Rate Performance Medium Capacity Ref.
Porous TizC, Ty 189 mAh/g 1A/g 1000 24 mAh/g@100 A/g ~1.75V [37]
P-TisC,Tx 68 mAh/g 05A/g 500 88 mAh/g@5 A/g ~1.6V [61]
a-Ti3C, MNRs ~50 mAh/g 02A/g 500 83 mAh/g@0.3 A/g ~1.0V [62]
Oligolayered Ti3C,Tx 280 mAh/g 05A/g 500 340 mAh/g@1 A/g ~15V [63]
Na-c-TizC, Tx 54 mAh/g 15A/g 1000 61 mAh/g@1 A/g ~1.75 [64]
Na-TizC, 85 mAh/g 2A/g 2000 ~110 mAh/g@3 A/g ~13V [65]
S-Ti3Cy T 742 mAh/g 05A/g 2000 1139 mAh/g@4 A/g ~1.5V [66]
S-TisC, 135 mAh/g 2A/g 1000 136.6 mAh/g@5 A/g ~1.5V [67]

The serious stacking of two-dimensional materials largely restricts their applications
in ECSDs. In order to make full use of MXene materials and their electrochemical energy
storage properties, Zhao et al. constructed a series of self-supporting 3D macroporous
MXene frameworks with hollow MXene spheres (Figure 3a,b) using the PMMA template
method, and they presented good hydrophobicity with a large water contact angle com-
pared with the compact one in Figure 3c,d [60]. As expected, the as-prepared 3D TizC, Ty,
V,CTy, and Mo, CTy electrodes presented specific capacities of ~330, 340, and 370 mAh/g,
with CEs of 53.8%, 55.3%, and 51.2%, which then demonstrated ~300 mAh/g after 1000 cy-
cles at 2.5 C (Figure 3e), showing a superior rate performance. Xie et al. prepared highly
conductive Ti3CyTx nanosheets formed with a porous structure and a high specific area
using a novel S template method (Figure 3f,g), which was conducive to enhancing the Na*
storage kinetics [37]. The porous Ti3C,Tx electrode delivered 166, 124, and 24 mAh/g at 1,
10, and 100 A/g. Its electrode also exhibited 1000 cycles at 1A /g without obvious capacity
decay. Natu et al. reported a mesoporous TizC, Ty structure. This benefited from a meso-
porous architecture with superior conductivity and accessibility; a capacity of 120 mAh/g
(0.5 A/g) was achieved [68]. Ming et al. showed a porous Ti3C, T texture (P-TizCyTx)
with a 3D architecture that delivered 140 mAh/g after 150 cycles in which the defects and
vacancies provided the extra electroactive sites, and it was dominated by the capacitive
contribution [61].

To further optimize the surface area and interlayer spacing, Lian et al. prepared
alkalized Ti3C; nanoribbons (a-TizC; MNRs) using the continuous shaking treatment on
pristine Ti3C; in a KOH solution—as shown in Figure 3i—and these ribbons had a 3D
porous structure with expanded interlayer spacing and narrow widths [62]. This unique
structure was endowed with strong stability and could promote ion reaction kinetics, which
illustrated the SIB performance, delivering ~50 mAh/g after 500 cycles. Song et al. reported
on oligolayered TizC, Ty with a capacity of 280 mAh/g at 0.5 A/g after 500 cycles [63].
This electrochemical study suggested that the surface-controlled redox reaction was the
main charge storage type for the oligolayered Ti3C,Tx. This impressive performance
demonstrated the highlights of this architecture and even broadened its applications.

A similar result for porous structures was achieved by Zhao et al., who illustrated
a Na*-induced, crumpling, porous TizC,Tx electrode (Na-c-TizC,Tx) that also showed
high reversible capacity and cyclability [64]. An analogous strategy with alkali-metal-ion-
pillared TizC, was also prepared with Na* by Luo et al., presenting facilitated kinetics
due to increased interlayer spacing (Figure 3j) and a decrease in the Na* diffusion barrier,
showing the excellent cyclability of 2000 cycles at 2A /g [65]. Li et al. [66] employed the
S-doped strategy via a facile sulfidation treatment to improve the conductivity and expand
the interlayer of Ti3CyTx. The S-doped TizCyTx (S-TizCyTx) exhibited 183.2 mAh/g with
a CE of 63%, and it presented a superior rate performance of 113.9 mAh/gat4 A/g, as
well as durability after 2000 cycles. On this basis, Sun et al. combined the strategy of Na*
pillaring and sulfur doping to construct a new structure (S-Ti3C;) with 135 mAh/g and
1000 cycles of durability, which benefitted from an enlarged interlayer and a quick Na*
transport path [67]. Even so, this unique structure had a coulombic efficiency of 58.6%,
which needed further optimization.
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Figure 3. (a) Digital photo, (b) cross-sectional SEM image, and (c) water contact angle of a flexible
3D macroporous Ti3C,Tx electrode. (d) Water contact angle of the compact Ti3C,Tx electrode.
(e) Cyclability of the different electrodes at 2.5 C (reproduced with permission from Ref. [60]; copyright
2017, Wiley-VCH). (f) SEM images of p-TizC, Ty, (g) Ny isotherm, and (h) the Raman spectra of p-
Ti3C, Ty and pure restacking TizC,Tx (reproduced with permission from Ref. [37]; copyright 2021,
Wiley-VCH). (i) Schematic of the synthesis of a-TizC; MNRs and (i;—iz) SEM images. (1) Synthesis
of Ti3AlCy; (2) extraction of the Al layer with 40% HF solution; (3) Ti3C, continuously shaken in
KOH solution, producing a-Ti3zC; MNRs (reproduced with permission from Ref. [62]; copyright
2017, Elsevier). (j) Schematic of the Na* diffusion process in different electrodes (reproduced with
permission from Ref. [65]; copyright 2018, Royal Society of Chemistry).

These results showed improvement in the capacity and rate performance of SIBs via
effective structural modulation and morphology tuning. Especially for an ultrahigh rate
performance, this kind of Na* storage material has obvious advantages. However, on
the whole, as anodic materials for SIBs, MXenes still have the problems of low specific
capacity, lower coulombic efficiency, and high charging voltage (an average voltage of
>1.5 V). This significantly reduces the working voltage of the full cell which has a negative
impact on the energy density. Therefore, it is very urgent and critical to effectively reduce
the discharge—charge potential through effective structural regulation.

3.2. Anode Materials Based on Nonmetal Material/MXenes Composites

Although MXenes have attractive advantages, they are vulnerable to layer stacking
due to van der Waals interactions, which are inevitable in 2D materials [31]. This stacking
inhibits the accessibility of electrolytes and reduces the charge transfer path, thus damaging
the properties of MXenes. In addition, MXenes are very easy to oxidize, for example, in the
conversion of the T-C bond into TiO; and C, which seriously affects their Na* storage ac-
tivity [31]. In order to overcome these bottlenecks, various strategies have been considered.
Among them, it is a very effective strategy to combine them with nonmetal materials with
Na™ storage activity (such as hard carbon, graphene, silicon, black phosphorus, etc.), stabi-
lize their structure, and give play to the advantages of each component. Table 2 presents
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different composites based on MXenes, which have significant enhancements due to the
introduction of active components compared with the pure MXenes mentioned above.

Table 2. Performance comparison of different nonmetal /MXene composites in SIBs.

Materials ng]%;{f:ym IC):;rselItl; Cycle Number Rate Performance ﬁtzzi;vggggsi:; Ref.
HC/MXene 2723 mAh/g 02A/g 1500 66.7 mAh/g@10 A/g ~07V [69]
T-MXene@C 139.5mAh/g 1A/g 3000 778 mAh/g@10 A/g - [70]

rGO/p-Ti3Co T ~110 mAh/g 1A/g 2000 ~70 mAh/g@5 A/g ~15V [53]
G-TizCTx 167 mAh/cm3 05A/g 2000 1124 mAh/g@5A/g ~1.7V [71]
Si/MXene microspheres 376 mAh/g 01A/g 500 63 mAh/g@2 A/g ~14V [72]
Si/MXene@HC 208 mAh/g 0.05A/g 500 122.5mAh/g@1 A/g ~12V [52]
p-TisCy 80 mAh/g 05A/g 100 ~60 mAh/g@1 A/g ~0.8V [61]
BPQD/TizC, ~170 mAh/g 02A/g 100 ~150 mAh/g@2 A/g ~1.6V [55]
BP/MXenes 658 mAh/g 1A/g 2000 164 mAh/g@2 A/g ~0.8V [73]
MXene/poly 148.4 mAh/g 1A/g 5000 105 mAh/g@2 A/g ~14V [74]
PANI/TizCy Tx 1354 mAh/g 2A/g 10,000 142 mAh/g@5 A/g ~15V [69]

Hard carbon (HC) is a commercial anodic material used in SIBs. Its volume change
limits cyclability significantly. In order to relieve this phenomenon, Sun et al. employed 2D
Ti3C, Ty as a multifunctional conductive binder to prepare a flexible HC electrode, where the
hydrophilic and conductive MXene nanosheets comprised a 3D network (Figure 4a—e) [69]. It
effectively optimized the electrode structure and accommodated the volume expansion,
leading to a high-capacity electrode (Figure 4f) with a superior cyclability of 1500 cycles
with ~270 mAh/g. Zhang et al. directly transformed Ti3C,Tx nanosheets into carbon-
coated T3C, Ty structures (T-MXene@C) via the in situ carbonization of self-polymerized
dopamine [70]. The ultrathin carbon coating protected the MXenes from oxidation and
aggregation. This active and stable surface modified structure was endowed with very fast
charge transfer, leading to a capacity of 257.6 mAh/g with a CE of 56.9% and a superior rate
performance of 77.8 mAh/g at 10 A/g, as well as long durability with 3000 cycles. RGO
has a certain level of flexibility and strong controllability, and it is easy to assemble with
MXene materials. Simultaneously, it can generate rich porous structures in the composite to
promote material transport and electron transfer. Zhang et al. prepared nanoporous TizCy T
sheets, assembled with RGO and cellulose nanofibers in an elastic, self-supported structure,
and this had more accessible surfaces and active sites [53]. The as-prepared composite
showed a capacity of 280 mAh/g at 0.1 mA /g with a CE of 54.7% and a cyclability of
1000 cycles. Wei et al. reported a hierarchical porous structure for highly dense TizC,Tx
monoliths involving a porous graphene template. Owing to the superior electron—ion
conductivity and transport pathways, the hierarchical structure exhibited 270 mAh/cm?,
and the charge capacity could reach 167 mAh/cm? after 2000 cycles [71].

Si has also been combined with MXenes to enhance the performance of SIBs. Si has
a high theoretical capacity of 960 mAh/g via the formation of NaSi, which is higher than
Sn (850 mAh/g) and Sb (660 mAh/g) using similar mechanisms, but it is also limited by
poor ion diffusion and large volume changes. Thus, Wang et al. designed the advanced
flower-like Si/MXene structures, which had superior properties and a high capacity of
751 mAh/g with a CE value of 48.5% (Figure 4g) and 376 mAh/g after 500 cycles [72]. It
was observed that part of the capacity contribution was based on the formation of NaSie,
as shown by the ex situ XRD results in Figure 4h. Gou et al. reported a Si/MXene@HC
structure coupled with a carbon-coated Si anode with a conductive MXenes matrix, which
also presented an initial CE of 61.8% and a superior cyclability of 500 cycles, and it benefited
from the effective relief of volume expansion and a highly conductive structure [52].
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Figure 4. SEM images of (a,b) HC/MXene (HC-MX-2:1) and (¢, d) HC/PVDF electrodes; (e) digital
photo of flexible HC/MXene film and shaped “MXene” letters. (f) The discharge—charge profiles
of HC/PVDF and HC/MXene electrodes at 30 mA /g (reproduced with permission from Ref. [69];
copyright 2019, Wiley-VCH). (g) Discharge—charge profiles and (h) ex situ XRD patterns of different
states for Si/Ti3Cy composites (reproduced with permission from Ref. [72]; copyright 2022, Springer).
(i) Schematic of the formation process and (j) HRTEM image of a BPQD/Ti3C, Tx composite (repro-
duced with permission from Ref. [55]; copyright 2018, Wiley-VCH). (k) Initial five discharge—charge
profiles of PDDA-BP/TizC; heterostructures (reproduced with permission from Ref. [73]; copyright
2019, Elsevier). (1) Ex situ XRD patterns of sandwich-like MXenes between PEI polymer networks
(reproduced with permission from Ref. [74]; copyright 2023, Elsevier).

Black phosphorus (BP) is a promising anodic material due to a high capacity of
2596 mAh/g with alloying reaction mechanisms, ~7 times that of HC. However, it suffers
from rapid capacity attenuation caused by a huge volume change of ~300%. Additionally,
BP is a semiconductor with poor conductivity that greatly impedes electron and ion transfer.
Thus, the combination of BP and MXene can effectively exert their advantages to improve
sodium storage properties. Li et al. studied a BP/TizC, composite using experiments and
DFT calculations [38], and it could form a stable interfacial interaction to reduce the electron
and Na* transfer resistances, obtaining an impressive electrochemical performance for
SIBs, especially a high discharge capacity of 1280 mAh/g with a CE value of 51.7%. Meng
et al. reported a composite made of BP quantum dots and a Ti3C; nanosheet (BPQD/TizCy)
for the purpose of Na* storage via etching assisted by a sonication reaction, as shown in
Figure 4i [55], in which BP quantum dots with less size in three dimensions effectively short-
ened the diffusion length and reduced the huge volume change in the discharge—charge
process. Simultaneously, the highly conductive TizC, substrate improved the conductiv-
ity and led to a fast charge transfer. The Ti-O-P bond in the composite further induced
atomic charge polarization and enhanced the pseudocapacitance characteristic. Serving
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as the anode of SIBs, it exhibited superior stability with 1000 cycles and a remarkable rate
performance (>100 mAh/g). Zhao et al. constructed molecular-level heterostructures by
assembling layered BP and Ti3C, [73]. Benefitting the advanced structure with face-to-face
contact between the BP and Ti3Cy, this novel 2D interlayer provided effective charge trans-
fer and diffusion channels. It displayed high structural stability, with the monodispersed BP
in the TisC; buffering the volume expansion, showing an ultrahigh capacity of 2588 mAh/g
(CE value of 68.7%) with a lower medium charge voltage of ~1.2 V (Figure 4k) and an
excellent cyclability rate of 658 mAh/g after 2000 cycles.

Furthermore, the strategy of combining MXenes with the polymer is another effective
way to enhance performance. Jin et al. designed a TizC,Tx-based sandwich structure
with a stable framework and large interlayer spacing, which depended upon facile self-
assembly assisted by a dynamic hydrogen-bonding network made of polyethyleneimine
(PEI) [74]. This PEI had rich amino groups, which can form dense polymer hydrogen
bonds to further strengthen mechanical strength, and PEI chains can provide extra N
sites for Na* storage. When the larger Na* intercalated the interlayer in the discharge
process, it had a little change the in ex-situ XRD patterns (Figure 41), which ensured the
structure stability. As expected, this unique PEI/MXene structure showed excellent cycling
performance and enhanced Na* storage for 3000 cycles. Similarly, Wang et al. designed
a polyaniline/TizC,Tx composite via the self-assembly of positively charged conductive
polyaniline and Ti3C,Tx [75] with enlarged spacing, negative-to-positive transition promo-
tion, and significantly improved ion diffusion kinetics. As a result, it presented an excellent
cyclability rate of 10,000 cycles at 2 A /g for SIBs. These results presented a facile strategy for
obtaining a superior rate performance and long-term durability in MXene-based materials.

In these nonmetal materials/MXene composites, the properties of some materials
improve through the improvement of conductivity, which significantly enhances the cycla-
bility. However, for surface redox reactions and capacitive materials, the battery capacity
is obviously low, which is an important defect to a large extent. For Si and P, which can
form a similar alloy structure to sodium, their specific capacity is large, and the energy
barrier for desodiation is lower. The introduction of MXenes significantly improves their
structural expansion and conductivity. If we can further optimize the CE of the initial cycle
and increase the material production, it will have great application potential.

3.3. Anode Materials Based on Metal Oxide/MXene Composites

The modification of MXenes by oxides and the surface functionalization of MXenes
by oxides are effective in organizing the stacking of MXene laminates. In addition, the
structures of MXenes and oxides can also enhance their stability to a certain extent, so
that they can avoid oxidation and damage to their structures. At the same time, loading
oxides with sodium-ion-storage-active materials on MXenes can further regulate their
storage performance, such as capacity, voltage, magnification, etc., which is expected
to further develop ideal sodium-ion storage materials. So far, a variety of oxides and
MXene composites have been studied; their properties have their own advantages and
disadvantages [32]. The following is a summary of several typical structures, and some of
the improved parameters are shown in Table 3.
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Table 3. Performance comparison of oxide/MXene composites in SIBs.

. Long-Term Current Cycle Charge Voltage at
Materials Ca}g)acity Density Nuz,nber Rate Performance Medigum Capﬁcity Ref.
Nag 3 TiO, /TizCy 56 mAh/g 2A/g 4000 47 mAh/g@3 A/g ~1.0V [76]
TiO,@TizCy Ty 116 mAh/g 096 A/g 5000 68 mAh/g@3.84 A/g ~15V [77]
NC/TiO, /TigCy Ty 157.5 mAh/g 2A/g 1900 100.1 mAh/g@10 A/g ~1.2V [78]
Hierarchical TiO, /TizCy 101 mAh/g 02A/g 500 52mAh/g@2 A/g ~1.6V [79]
Pillar-free TiO, / TizCy 153 mAh/g 0.6 A/g 100 151.5 mAh/g@1 A/g ~15V [80]
HC-TiO, /MXenes 660 mAh/g 1A/g 100 250 mAh/g@1 A/g ~0.8V [81]
Sb, O3/ TizC,y Tx 472 mAh/g 01A/g 100 295mAh/g@2 A/g ~1.0V [82]
CoNiO,/MXene 223 mAh/g 0.07A/g 140 188 mAh/g@0.3 A/g 1.3V [83]
SnO, /MXene 208.6 mAh/g 04A/g 100 81 mAh/g@2 A/g 1.25V [84]
VO, /MXene 280.9 mAh/g 01A/g 200 206 mAh/g@1.6 A/g ~15V [85]

Attention has been aimed at Ti-based materials due to their acceptable capacity and
superior cyclability. Layered titanium-based materials are the candidates for SIBs due to
the moderate redox couples of Ti3+ /Ti**, such as Nag 23 TiO. Huang et al. synthesized a 3D
Nay 23TiO; /TizC, composite by growing amorphous Nay 23510, nanobelts on TisC, [76],
forming a special sandwich structure, as shown in Figure 5a. Figure 5b presents the first
three cycle profiles of Nag 23TiO;/TizCy, which provides a lower charge potential. The
unique structure was conducive to electrolyte infiltration and rapid ion transfer, and the
small-sized Nag »3TiO; shortened the diffusion path of Na*, benefiting the promotion of the
rate performance and ensuring good cyclability. The composites have ultralong stability
and can operate for 4000 cycles at 2A /g with a capacity retention of ~100%. Furthermore,
TiO; has also been thoroughly investigated for use in SIBs due to its low cost, excep-
tional chemical durability, and safe operation voltage and because it is an environmentally
benign material. However, low conductivity limits its rate performance and durability
in the discharge—charge process. Many strategies—such as the construction of different
nanostructures to shorten ion and electron pathways and the introduction of highly con-
ductive additives to enhance conductivity—have been adopted to address these issues.
Based on this, Guo et al. reported a nanocomposite of Ti3C, Tx-encapsulated TiO, spheres
(TiO,@Ti3C,Ty), which served as the anode material for SIBs [77]. The composite material
gave the SIBs a superior rate performance and a long cycle. As a result, the composite pro-
vided a high capacity of 116 mAh/g at 0.96 A /g with 5000 cycles. Wang et al. demonstrated
a crumpled, N-doped, carbon-decorated TiO, /TizC, composite (NC-TiO, /TizCp) [78] in
which the nano-TiO; was dispersed on the conductive network of crumpled Ti3C, with
improved electrochemical kinetics. The composite showed an excellent cycling ability of
1900 cycles at 2 A/g and a superior rate performance of 100.1 mAh/g at 10 A/g. Yang
et al. reported a layered hierarchical TiO,/TizC, nanohybrid [79] in which nanoscale
TiO, formed in situ and uniformly dispersed on TizC,, and it could obtain a CE value
of 66% and operate for 500 cycles at 0.2 A/g thanks to its conductivity and ion mobility
advantages. Wang et al. prepared pillar-free TiO, /TizC, composites with extended layer
spacing via the sintering intercalation of TizC; [80]. The TiO,/TiC, composites showed a
high capacity of 237.8 mAh/g at 0.1 A/g and an acceptable cyclability rate performance
of 100 cycles at 0.6 A/g for SIBs, which were attributed to the extended interlayer fixed
by the TiO; and the significant synergies between the Ti3Cy and TiO; with respect to the
structural stability, which was investigated using ex-XRD and showed no obvious change
in the discharge—charge process (5¢). Gao et al. reported a strategy for fabricating an HC-
MXene/TiO; composite [81], where Ti3CpTx with rich oxygen-containing groups reacted
with HC to form a Ti-O-C-covalent-crosslinked HC-TizC,Tx composite in a ball milling
process. The edge of the Ti3C,Tx was oxidized to TiO, nanorods, forming a regular 1D/2D
heterostructure and improving the structural stability. Simultaneously, the Ti3C;Tx/TiO,
heterojunction formed a 3D network and provided more active sites. Consequently, the
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as-prepared HC-MXene/TiO, exhibited a high capacity of 660 mAh/g and a superior rate
performance.
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Figure 5. (a) Schematics of the synthesis and (b) discharge—charge profiles for a sandwich-like
Nag 3TiO; /TizC, composite (reproduced with permission from Ref. [76]; copyright 2018, Elsevier).
(c) Ex situ XRD patterns for Ti3Cy and TizC,-TMAOH-400 upon sodiation and desodiation (repro-
duced with permission from Ref. [80]; copyright 2020, Elsevier). (d) Schematics of the performance-
enhanced mechanism of an SbyO3/MXene electrode in SIBs. (e) Discharge—charge profiles of an
Sb, O3/ Ti3Cy T electrode at different current densities (reproduced with permission from Ref. [82];
copyright 2017, Royal Society of Chemistry).
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Sb-based material is also a kind of sodium storage material with high capacity. At the
same time, Sb has a suitable voltage (0.5~0.8 vs. Na*/Na), but its volume changes greatly
(~290%) in the discharge—-charge process. Therefore, MXene composites can be used to alle-
viate volume change, enhance electronic conductivity, and promote property improvement.
Guo et al. prepared an SbyO3/Ti3Cy Ty composite with high electron conductivity and a
high Na* diffusion rate [82]. In this architecture, SbpO3; nanoparticles prevent the TizCpTx
from piling up, and the generated gap can relieve serious volume changes (Figure 5d),
maintaining structural stability. The composite has a high capacity of 472 mAh/gat0.1A/g
with a CE value of 59.6% and a superior rate performance with 295 mAh/g (Figure 5e).
CoNiO; is a typical transition metal oxide and is widely studied with respect to LIBs, but
it is rarely reported in SIBs. Tao et al. prepared a CoNiO,/Ti3C,Tx composite via the
facile hydrothermal method assisted by calcination [83]. The as-prepared CoNiO, /Ti3C,Tx
showed a higher retention of 223 mAh/g at 0.1 mA /g after 140 cycles and a superior rate
performance of 188 mAh/g at 0.3 A/g. It was important that the layered Ti3C,Tx buffered
the volume expansion of CoNiO;, promoted ion transfer, and increased the CoNiO, active
sites for the storage of Na* in battery operations.

Among these oxide/MXene composites, the properties of the composites are enhanced
by improving the conductivity and alleviating the volume expansion, especially in cycla-
bility. However, the battery capacity is obviously low and is mainly limited by its sodium
storage mechanism. If a battery system with high specific capacity cannot be designed
based on a sodium storage mechanism, the structural modulation of the materials will
have difficulty solving this important disadvantage, which will greatly limit the further
applications of oxide/MXene composites in sodium-ion batteries. On the other hand, the
low initial CE value is also an important reason to limit the development of these materials.

3.4. Anode Materials Based on Metal Sulfide/MXene Composites

A variety of sulfides have been reported to be used as anode materials for SIBs, mainly
including layered sulfide materials and nonlayered materials. Layered materials include
MoS, [86-88], FeS, [89], SnS,, and other disulfides [90,91], and nonlayered materials
include SbyS3, CoS, MoS;3, etc. [92-95], which demonstrates the superior performance
of SIBs (Table 4). Among layered sulfides, MoS; attracts much attention due to its high
energy density. It has a graphite structure bound by a weak van der Waals reaction and
is endowed with a high specific surface area and a large ion intercalation space. Even so,
the intercalation of Na* with a larger radius leads to serious volume expansion, causing
lower capacity and poor stability in SIBs. In order to solve this problem, it is very necessary
to develop an effective strategy to increase the interlayer spacing of MoS; so as to relieve
structural damage [42,96]. However, the increased layer spacing could extend the charge
transport channel of MoS; and result in reduced conductivity, which is not conducive to its
properties. Therefore, the combination of highly conductive skeleton materials with MoS;
is an effective strategy to enhance the performance of SIBs.

Table 4. Comparison of the performance values for different sulfide/MXene anodes in SIBs.

Materials nglg’;?;:ym ](;z;rsel?; Cycle Number Rate Performance ﬁtzziinvgggisi:; Ref.
MoS, /Ti3Co T 2509 mAh/g 01A/g 100 162.7@1 A/g >15V [97]
MoS, /TizCy Tx 331 mAh/g 01A/g 70 186.2@0.8 A/g >1.5V [86]

C-MoS; /CNTs-TizC, 562 mAh/g 01A/g 200 475@2 A/g >15V [98]
MoS, /Ti3Cy Ty /CKFE 298 mAh/g - 300 434.7@1 A/g ~1.8V [87]
TH-MoS, /Ti3Cy 582 mAh/g 1A/g 600 439.3@5 A/g >15V [99]
MoS,@MXene@TiO, 568.3 mAh/g 2A/g 100 359.6@5 A/g >15V [100]
Nb,CT@MoS,@C 403 mAh/g 1A/g 2000 260@40 A/g >15V [42]
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Table 4. Cont.

Materials nglga;zftr;n g‘;::ll:; Cycle Number Rate Performance fdtzziinVEESESi:; Ref.
Nb,CTx@MoS, 394 mAh/g 1A/g 1000 196@20 A/g >15V [88]
SnS, /MXene 322 mAh/g 01A/g 200 78 mAh/g@2 A/g ~1.7V [90]
FeS, /MXene 4749 mAh/g 5A/g 600 456.6 mAh/g@10 A/g ~14V [89]
CoyFe1.x5,@S-TizCy 399 mAh/g 5A/g 600 596 mAh/g@10 A/g ~1.8V [91]
CoS/MXene 267 mAh/g 2A/g 1700 272 mAh/g@5 A/g ~1.8V [92]
SnS/MXene 320mAh/g 05A/g 100 2559 mAh/g@1 A/g ~145V [94]
CuS/MXene 347 mAh/g 3A/g 800 346.3 mAh/g@8 A/g ~1.7V [93]
NiS, /MXene 189 mAh/g 1A/g 200 147 mAh/g@2 A/g ~1.6V [101]
ReS, /MXene 202 mAh/g 2A/g 200 138 mAh/g@5 A/g ~1.75V [102]
MoS;/TizCy Ty 611 mAh/g 2A/g 1000 ~370mAh/g@5 A/g ~20V [50]
Sb,S3@m-TizCp Ty 72mAh/g 2A/g 1000 232mAh/g@l1 A/g ~1.25V [95]
Sb,S3/TizC, 464 mAh/g 1A/g 500 533 mAh/g@2 A/g ~1.0V [103]

Wu et al. prepared a MoS; /TizC,Tx composite with a layer-by-layer structure [97],
in which the increased layer spacing improved the ion accessibility of MXenes and their
specific capacity. Serving as a SIB anode, the composite presented a higher initial CE value
of ~67% and a capacity of 250.9 mAh/g after 100 cycles. At the same time, it showed a
superior rate performance of 162.7 mAh/gat1 A/g. A composite of Ti3CyTx-modified
and -anchored MoS, nanosheet, as demonstrated by Du et al., had a high specific capacity
and high cycling performance; even after 70 cycles of operation [86], it still showed a high
capacity of 331 mAh/g at 100 mA /g, with only 0.058% attenuation per cycle. In this unique
structure, the MoS; nanosheets anchored on the TizsC, Ty shortened the ion diffusion path
and provided more electroactive sites toward Na,, and the improved specific area facili-
tated electrolyte—electrode contact. He et al. reported a facile one-pot strategy to prepare a
1D /2D heterostructure [98], where ultrathin carbon-layer-coated MoS; nanosheets with
expanded interlayer spacing vertically grew on TizC; and crosslinked carbon nanotubes (C-
MoS; /CNTs-TizCy) served as the 3D conductive network. The developed quaternary com-
posite showed a high initial CE value of 72%, an advanced performance with 562 mAh/g
after 200 cycles, and a superior rate performance of 475 mAh/g at 2 A/g. The DFT results
demonstrated that a combined MoS; and TizC, matrix could optimize the adsorption energy
toward Na*, which enhanced the Na* storage capability, as shown in Figure 6a. Zhang et al.
proposed a multilayer composite with a nano-/microstructure formed by self-assembled
MoS; nanoflowers, MXene, and hollow carbon kapok fibers (MoS, /Mxene/CKF) [87]. The
nano-/microstructure was connected to form a heterostructure and avoided agglomeration,
leading to improved conductivity and structural stability. Benefitting from these, it pre-
sented a high initial CE value of 80% and a higher specific capacity, as shown in Figure 6b,
as well as a better rate performance (639.3 and 434.7 mAh/g at 0.05 and 1 A/g). The ex
situ XRD patterns exhibited changes of (002) in the MoS;, which shifted to a low angle
in the discharge and recovered to the original position due to Na deintercalation with
high reversibility due to the rational design. Wen et al. designed a simple intercalation
vulcanization strategy to construct TH-MoS, /TizC, heterostructures with closely stacked
and layered structures, which provided a facile way to synthesize layered heterostructure
composites by stacking different 2D materials [99]. The TH-MoS;/TizC, anode showed a
high initial CE of 83.4%, a capacity of 743.6 mAh/g, and an excellent rate performance of
439.3 mAh/g at 5A/g. In addition, Zhang et al. reasonably designed and built a nanocom-
posite of MoS, on layered, porous Ti3C,Tx MXene with partial rutile oxide and anatase
dual-phase TiO, (MoS,@MXene@TiO,) [100], which increased the lattice spacing of the
vertical arrangement. This unique “plane-to-surface” structure prevented the aggregation
and restacking of MoS, while also achieving sufficient electrode—electrolyte interactions.
At the same time, the heterostructure between two-phase TiO;, MoS;, and TizC,Tx can
form a built-in electric field to promote Na* transfer. Therefore, the MoS,@MXene@TiO,
heterostructure has an admirable and reversible capacity of 359.6 mAh/g at 5A/g and
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Figure 6. (a) The optimized structure and corresponding adsorption energy of extended MoS, and
MoS, /TizCy (reproduced with permission from Ref. [98]; copyright 2022, Elsevier). (b) The initial
discharge—charge profiles, XRD patterns, and XPS of a MoS, /MXene/CKEF electrode at different
depths (reproduced with permission from Ref. [87]; copyright 2022, Elsevier). (c) Rate performance
of Nb,CTx@MoS,@C. The TEM and HRTEM images are shown in the insets. (d) Discharge—charge
curves of Nb,CTx@MoS,@C at 0.01-3.0 V and the corresponding contour maps of the in situ XRD
(reproduced with permission from Ref. [42]; copyright 2021, American Chemical Society).

Yuan et al. developed a carbon-coated Nb,CTx MXene/MoS, nanocomposite (NbyCTx
@MoS,@C) [42] in which a 3D crosslinking structure was constructed (insets of Figure 6¢). In
this design, the highly conductive Nb,CTy nanosheet prevented the MoS, from restacking
and provided an effective channel for charge transfer. In addition, the carbon coating
had a certain level of volume elasticity and improved conductivity, ensuring the inser-
tion of Na* and promoting rapid dynamics and long-term durability. Consequently, the
Nb,CTx@MoS,@C composite provided 530 mAh/g and excellent cyclability after 2000 cy-
cles at 1A/g, as well as a CE of 58%. Most importantly, as shown in Figure 6c, the
Nb,CTx@MoS,@C anode could realize rapid a discharge—charge process with capacities
of 340 and 260 mAh/g at 20 and 40 A/g, respectively. The in situ XRD (Figure 6d) shows
that the XRD peaks were not shifts in the Na* intercalation, and there was a new NayS
phase due to the expanded layered spacing and an extra Na* storage mechanism, which is
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promising for the practical applications. Recently, the same researchers fabricated hollow
MoS; / carbon spheres bound by Nb,CTy, obtaining a capacity of 196 mAh/gat20 A/g. A
DFT simulation showed that, under this material design strategy, Na* has a small diffusion
barrier [88].

SnS, is also a typical layered structure, where the sulfur atoms are tightly packed to
form two layers that react via a weak van der Waals force [90]. The larger layer spacing
in SnS; is conducive to the transport of Na*, and it can also combine with Sn atoms to
form the NaSn alloy. However, similar to the previous results, the volume expansion is
still the main bottleneck limiting its stability, and an effective strategy to build a stable and
highly conductive heterostructure is required. Thus, Wu et al. developed self-assembled
heterostructures made of MXene and SnS; nanosheets [90]. The reversible capacity of
MXene@5SnS; can reach up to 322 mAh/g after 200 cycles with an initial CE value of
55.2%, which is superior to pure MXenes and other composites. Layered FeS, has a
similar structure to that of SnS,. Unlike SnS,, in the mechanism of Na* storage, FeS; is
mainly dependent on intercalation between layers and capacitance contribution, and it
cannot form alloys. Huang et al. developed a novel [89], low-destructive, and universal
strategy for preparing the heterostructure of sulfide/TisC,Tx using Lewis acid molten
salt etching, combined with subsequent in situ sulfurization. In particular, as shown in
Figure 7a,b, the FeS, /MXene structures show a high initial CE value of 86%, a specific
capacity of ~700 mAh/g with a lower medium charge potential (~1.25 V), an excellent
rate performance of 456.6 mAh/g at 10 A/g, and a superior durability of 474.9 mAh/g
at 5A/g after 600 cycles. It was impressive that a Na* full cell with a Ti3C,Tx/FeS,
anode provided 431.6 mAh g~! of reversible capacity at 3 A/g after 1000 cycles. In this
unique structure, it benefited from interface electron coupling between TizCo Ty and FeS;
(Figure 7c—e); the heterostructure had significantly improved electron conductivity and a
stronger adsorption reaction toward Na*, and it promoted Na™ transfer dynamics, as well
as a stable structure. Zang et al. reported on bimetal sulfide CoxFe;.4S,/S-doped TizC,
nanocomposites (CoxFe1.45,@S-Ti3Cy) [91] where the interconnected 3D framework was
composed of Ti3Cy nanosheets, effectively buffering any volume expansion and enhancing
the charge transfer. The S-TizC, nanosheets provided rich sites for Na* storage and inhibited
S-loss in the discharge—charge process, which led to increased capacity and cycling stability.
As expected, the nanocomposite presented a high CE value of 86% and a superior rate
performance with 399 mAh/g at5 A/g, as well as a durability of 600 cycles.

Nonlayered sulfides such as CoS, SnS and Sb,S3 also have high specific capacities,
but their conductivities seriously limited their performance [26,50,92-95,101,102,104]. The
theoretical capacity of CoS is relatively high, and the Co-S bond is weak, which determines
the potential of CoS to be applied to SIBs. Zhang et al. prepared a CoS/TizC, nanocomposite
with small CoS nanoclusters anchored on 2D TizC,Tx (Figure 7f) by combining their
advantages [92], especially their advantages in improving conductivity. The capacity of
the CoS/MXene could reach to ~400 mAh/g with a high voltage of ~1.8 V (Figure 7g),
and it had a superior durability of 267 mAh/g at 2 A/g even after 1700 cycles (Figure 7h).
SnS is also an attractive anode material for SIBs because of its high theoretical capacity of
1022 mAh/g and its low cost, but its further applications are limited by low conductivity
and serious volume expansion. To this end, Zhang et al. constructed a nanocomposite of
MXene-loaded SnS nanoparticles (SnS/MXene) with a CE value of 70.6% and a capacity
of 255.9 mAh/g, even at 1 A/g, with improved conductivity [94]. However, in the high
current density, it seemed that the sodium storage effect of alloying did not occur, and
it was associated with a lower specific capacity, similar to that of oxide. In addition,
Sb,S; is an ideal candidate owing to its high theoretical capacity of 946 mAh/g in SIBs.
Zhang et al. reported Sb,S3/Ti3CoTyx composites with different nanostructures for Na*
storage [95], indicating that volume expansion was effectively suppressed by TizC,Ty.
Wang et al. reported on an SbyS3/TizCy nanocomposite created by covalently bonding Ti-
O-5b and S-Ti and uniformly pining monodispersed Sb;S; on a TizC, Ty surface [104]. The
construction of effective interfacial chemical bonds could reduce the physical gap between
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Sb,S3 nanoparticles and TizC, Ty, improving the efficiency of interfacial charge transfers.
In addition, interfacial covalent bonds can also effectively limit Sb,S; nanoparticles and
corresponding reduction products to the surface of Ti3CyTx. Thus, this Ti3C,-SbyS3 anode
presented a CE value of 68.4% and provided 475 mAh/g of high capacity at 0.2 A/g after
300 cycles, or even 1.0 A/g after 500 cycles of 410 mAh/g. However, it is easy to oxidize
Ti3C, Tx with the in situ solvothermal method, which has been reported widely, and this
sacrifices its conductivity, inhibiting the rapid discharge—charge process. To address this
issue, Yang et al. reported a free-standing, flexible, and high-capacity membrane consisting
of a Sb,S3/TizC, Tk nanocomposite for rapid and stable Na* storage, in which 1D Sb,S3
nanowires uniformly anchored on TizC,Tx nanosheets served as Na* storage [103] and
supported 2D Tiz3C, Ty to form 3D channels to promote electrolyte infiltration. At the same
time, the 2D conductive Ti3C,Tx nanosheet enhanced electron transport and limited Sb,S3
volume expansion in the discharge—charge process with high reversibility (Figure 7i), as
determined with ex situ XPS, as well as the inhibition of discharged sodium polysulfide
dissolution caused by chemical absorption and physical constraint, as shown in Figure 7j.
In a combination of these effects in 1D Sb,S3 and 2D MXene, the obtained composite anodes
showed a superior rate performance of 553 mAh/g at 2 A/g and 5000-cycle-long cyclability,
as well as an initial CE value of 63.4%. It was confirmed that these strategies could provide
more useful insights for the rational structural design of advanced SIB anode materials.
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Figure 7. (a,b) Discharge—charge profiles and rate performance of a Ti3C, Ty /FeS; electrode. (c,d) The
Na adsorption energy and Na migration energy barriers of Ti3CyTx/FeS, and FeS;. (e) Schematics of
Na storage behavior with a Ti3C, Ty /FeS, heterostructure and an underlying mechanism (reproduced
with permission from Ref. [89]; copyright 2022, Wiley-VCH). (f) TEM images, (g) discharge—charge
curves at 2A/g, and (h) cyclability at 2A/g of CoS/MXene (reproduced with permission from
Ref. [92]; copyright 2019, Elsevier). (i) Na 1s spectra of SbyS3/TizC,Tx electrodes and the corre-
sponding sodiation—desodiation profiles. (j) Schematic and digital photo of the adsorption effects of
Sb,S3/Ti3Cy Ty and Sb, Sz on polysulfides. Inset images show the Na,Sy adsorption effect before and
after 24 h (reproduced with permission from Ref. [103]; copyright 2021, Springer).
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In the sulfide composite structure, due to the change in the sodium storage mechanism,
the composite materials all showed significantly increased specific capacities and enhanced
cycle stabilities. Especially in the initial coulombic efficiency, the layered sulfide and high-
conductivity structure can be raised to more than 80 (up to 86%), which is comparable
to commercial hard carbon. The main problem is that the charging voltage is high, and
the average charging voltage is >1.25 V. Therefore, it is necessary to further optimize the
structure and composition to reduce the charging voltage.

3.5. Anode Materials Based on Other M Xene Composites

There are other composites based on MXenes used in SIBs, such as CoSe, /TizC, Ty,
MOSez /Ti3C2TX, FePS3 /TingTX, FeVO4 /TingTX, NaTiz (PO4)3 /Ti3C2TX Bi/Tig,CzTX, Sb/
TizCy T, CoP-NC/Ti3Cy Ty, and MXene-derived materials [103,105-118]. All the perfor-
mance values of the composites are summarized in Table 5. For example, Xu et al. reported
a hierarchical structure for sheet-tube—-dots made of CoSe,@CNTs-MXene [107] that was
conducive to fast electrons and ion migration. It presented a high specific capacity of
400 mAh/g at2 A/g after 200 cycles. A DFT investigation disclosed that the CoSe,@CNTs-
MXene contributed to stable Na™ storage owing to strong adsorption from the hierarchical
structure toward polyselenide, avoiding the shuttling effect, and weak interaction between
the electrode interface and electrolyte. Tan et al. developed a carbon-coated MoSe; /MXene
heterostructure (MoSe, /Mo0,CTy/C) [106] where the Mo,CTx covered MoSe, nanoparti-
cles, and the loose carbon linked the coated species and generated a rich porous structure
for the mass transport. MoSe,/Mo0,CTx/C served as a high-performance Na* storage
material, which presented a CE value of 47% and exceptional cyclability with 2200 cycles,
after which the specific capacity could still reach up to 600 and 200 mAh/g at 0.5 and
2 A/g. Ding et al. constructed a novel 2D /2D heterojunction (FePS;/Ti3C,Tx) of layered
FePS3 nanosheets and Ti3C, Tk using in situ self-assembly [119], which effectively increased
the electron conductivity and specific surface area, promoting a surface—interface charge
transfer and alleviating the volume change. The ultrathin, Ti3C,Tx-coated, few-layered
FePS; nanosheets provided a higher 676.1 mAh/g capacity at 0.1 A/g after 90 cycles.

Table 5. Comparison of the performance values of different anode materials in SIBs.

Materials nglgo;tffym glel::ll:; Cycle Number Rate Performance ﬁtzzi;vgggisi:; Ref.
CoSe, @CNTs-MXene 400 mAh/g 2A/g 200 3475 mAh/g@5A/g ~1.75V [107]
Cop5NipsSes /TisCy 338 mAh/g 1A/g 600 337 mAh/g@3 A/g ~1.75V [108]
SnSe; /TizC Tx 245mAh/g 1A/g 445 192 mAh/g@5 A/g ~15V [105]
MoSe;/Mo,CTy /C 4844 mAh/g 1A/g 2200 330.6 mAh/g@10 A/g ~15V [106]
FePS;@MXene 676.1 mAh/g 01A/g 90 449 mAh/g@5A/g ~1.6 V [119]
FeVO,/MXene 105 mAh/g 5A/g 5000 98 mAh/g@10 A/g ~15V [117]
NaTiy(POy)3/Ti5Co ~65mAh/g 2A/g 2000 ~67 mAh/g@2 A/g ~125V [114]
MXene@NTP-C ~110 mAh/g 5A/g 10,000 102 mAh/g@10 A/g ~20V [118]
Ag-Nb,CT, 187 mAh/g 5A/g 2000 188 mAh/g@5 A/g ~16V [112]

Sb /p-TizCp Ty 216.8 mAh/g 02A/g 300 126.6 mAh/g@2 A/g ~09V [115]
TisC,Tx@Sb 148 mAh/g 1A/g 8000 127 mAh/g@2 A/g ~12V [116]
Bi/MXene 301 mAh/g 5A/g 2500 307 mAh/g@8 A/g ~0.65 V [120]
CoP-NC@Ti;C, Tx 101.6 mAh/g 05A/g 500 64.1 mAh/g@1.5A/g - [113]
VS,@L-Tiz;C, Ty 599 mAh/g 1A/g 40 33 mAh/g@5A/g ~1.6 V [121]
TiS:@Cpyp 3214 mAh/g 10A/g 5000 339 mAh/g@10 A/g ~1.65V [111]
NaTi; 5053 ~140 mAh/g 02A/g 150 101 mAh/g@2 A/g ~0.65V [109]
M-TiO,@rGO 1233 mAh/g 5A/g 5000 142 mAh/g@2 A/g ~1.75V [110]
Nay Ti;O,@C 119 mAh/g 2A/g 200 115mAh/g@2 A/g ~0.75V [122]

Xu et al. prepared flexible free-standing FeVO, /TizCpTx composite films using facile
vacuum filtration [117], which consisted of TizC,Tx nanosheets and FeVO,4 nanorods. This
presented a superior performance with a high capacity for Na* storage, which reached
up to 129 mAh/g at 5 A/g and maintained a capacity retention rate of 81.1% even after
5000 cycles. Combined with capacitance-type and battery-type electrochemical behaviors,
Yang et al. developed a dual-mode Na* storage composite made of Ti3Cp-nanosheet-
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loaded NaTiy(POy); cubes (MXene@NTP-C) for SIBs [118]. The nanocomposite showed
an obviously increased specific capacity (Figure 8a)—more than two times that of pure
MXenes—a 49% capacity retention at 10 A /g, and an outstanding cyclability of 10,000 cycles
at5 A/g, as well as a high CE value of ~90%. These are the two battery types in Figure 8a,
which were contributed to by the capacitance shown in Figure 8b, the pseudocapacitive
manner of MXene, and the diffusion-controlled battery type in the lattice of NaTiy(POy)s,
such as the site of M, which illustrated the high performance of these SIBs due to their

unique properties.
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Figure 8. (a) The discharge—charge profiles of pure MXene and MXene@NTP-C. (b) Schematic
comparison of the Na* storage behavior in NaTiy(PO,)3 and MXenes (reproduced with permission
from Ref. [118]; copyright 2018, Royal Society of Chemistry). (c) The discharge—charge profiles of
Sb/p-Ti3CyTx (reproduced with permission from Ref. [115]; copyright 2021, American Chemical
Society). (d) Discharge—charge profiles of Bi/MXene anode at different cycles (reproduced with
permission from Ref. [120]; copyright 2021, Wiley-VCH). (e) In situ XRD patterns of a TiS@Cpyyp
electrode at the first discharge—charge process (reproduced with permission from Ref. [111]; copyright
2020, Elsevier).

As mentioned earlier, Sb can store sodium via alloying. To deliver high-capacity Sb
and a superior rate performance for MXenes in SIBs at the same time, Zhang et al. prepared
Sb-pillared TizC, Ty composites (Sb/p-TizC,Tx) with ultrathin Sb particles decorated with
few-layered Ti3C, Ty nanosheets [115]. Due to the enhanced kinetics achieved by the p-
Ti3C,Tx and ultrathin Sb particles, the Sb/p-TisC,Tx exhibited a lower charge potential
(Figure 8c), an acceptable capacity of 438.1 mAh/g at 0.05 A/g, and a higher capacity
retention of 126.6 mAh/g at 2 A/g, as well as a CE value of 60.6%. Bi with the same
reaction mechanism as Sb and with an alloy-type sodium storage mechanism was also
used to improve the sodium storage performance and served as the anode material, and it
was employed as a promising, fast-charging material for SIBs owing to its excellent rate
performance. Ma et al. designed a 2D Bi/MXene composite based on a hydrogen thermal
reduction strategy [120] that exhibited a lower charge potential of ~0.65 V (Figure 8d), a
superior cyclability of 2500 cycles at 5 A /g, and an excellent rate performance of 307 mAh/g
at 8 A/g, as well as a high CE value of 76%. In a full cell based on a Na3V,(PO,); cathode,
it demonstrated an ultrafast discharge—charge process in 7 min only and an excellent
cyclability (>7000 cycles). It could be a promising anode material with a fast discharge—
charge capability, and it could be very beneficial to the development of high-rate SIBs.
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In addition to using composites with MXenes to improve material conductivity and
alleviate volume expansion, some studies have used the unique structure of MXenes to
synthesize derivatives using in situ reactions, such as TiO,, TiS,/C, etc. For example,
Tang et al. synthesized carbon-coated TiS; nanosheets using the in situ vulcanization of
polyvinyl-pyrrolidone-modified Ti3C, Ty, and it presented an outstanding electrochemical
performance in SIBs [111]. An ultrathin nanostructure with large interlayer spaces provided
easy Na* access, leading to a reduced entropic barrier for the reversible conversion and,
thus, an ultrafast rate capability and high reversibility, as determined using in situ XRD
(Figure 8e), which was based on the conversion of Tij 77S and Na,S. The unique structure
presented a high CE value of 87.6%, a superior rate performance of 387 mAh/g—even at
10 A/g—a high discharge capacity of 448 mAh/g, and a superior cyclability of 5000 cycles.
Furthermore, as shown in Table 5, there are various MXene-based composites with superior
rate performance and high capacity, and they benefit from effective structure modulation.
All these studies could shed light on the development of ultrathin structures combined
with high-conductivity substrates for the creation of high-performance SIBs. They could
also expand the application of 2D hybrid materials in the energy storage field.

4. Current Issues and Challenges

MXene-based composites with rational structure modulations enhance the perfor-
mance of SIBs, including their increased specific capacities, and they promote superior rate
performance and cyclability, which are mainly dependent on increased conductivity and
the facilitation of mass transport. Typical hard carbon anodic materials present a reversible
specific capacity of ~300 mAh/g with a CE of ~80%, a superior rate performance of up to
10C, and excellent cyclability. Especially in high specific capacity, they have low-voltage
(<1.5V) desodiation, showing a 50% desodiation capacity of around 0.2 V. For MXene-based
anodic materials, the capacity and rate performance, as well as the cyclability, can reach a
high standard of practical application with superior properties compared with hard carbon.
However, high charge voltage and lower coulombic efficiency are the main issues hindering
further applications. As we show above, the majority of MXene-based materials have a
high charge voltage of >1.5V, or even 1.8 V, which would cause a significant energy density
reduction of about 20-30% when matched with the same cathode. Another main challenge
is that the scale-up production of MXene-based composites, whose performance is strongly
related to MXenes and their composed structure, needs strict synthetic conditions, as well
as the use of a large number of F-containing reagents. This is still inefficient on a large scale
with respect to single-layer or few-layer MXenes. Furthermore, the stability of MXenes
and MXene-based materials is more important, and this can affect the surface structure of
composites and determine their electrochemical performance to a great extent. There are a
lot of oxygen-containing terminals on the surfaces of MXenes, and MXenes are sensitive to
air. During heat treatment, these species are very easy to convert into oxides. On the one
hand, this will change the structure of the MXene substrate and optimize the material’s
conductivity. Simultaneously, the generated oxides will restrict the further loading of highly
active components, weaken the interaction between the loaded material and the highly
conductive substrate, and are not conducive to structural modulation or electron transfer
between components. Therefore, when it comes to MXene-based materials, such as novel
Na* storage materials, it will be a very urgent and critical task to effectively reduce the
issues and challenges through rational and effective structural regulation.

5. Summary and Future Perspectives

This paper introduced applications for MXenes and their composites in the anodes
of SIBs. Many studies have been conducted on modified MXenes, oxides/MXenes, sul-
fides/MXenes, etc. Compared with MXenes and other materials, composites display
excellent electrochemical performance. Among them, some strategies for composite struc-
tural designs, such as 3D porous MXenes, heterostructures, integrated structures, and in situ
conversion ultrathin 2D/1D nanostructures, could provide significant application potential
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in the future. As promising 2D structures, MXenes have great research value. Here, we
introduced MXenes and their composite structures with different structures, summarized
their structural design strategies and battery performance in Na* storage materials, and
clarified the structure-activity relationship between highly conductive two-dimensional
structures in terms of large-radius sodium-ion storage, especially the unique role of ion
transport and volume expansion. At the same time, this study also points out the direction
for us to reasonably design structures for high-performance anode materials in SIBs. Even
s0, at present, MXene-based materials still face the following challenges in Na* storage:
(1) the lack of a green large-scale synthetic method for monolayer and few-layer MXenes;
(2) the poor stability of MXenes and MXene-based materials; (3) the higher charge voltage in
MXene-based materials; (4) and the related lower specific capacity and coulombic efficiency,
as well as rapid capacity attenuation.

All problems mentioned above will limit the further development of MXene-based
materials for applications in sodium-ion batteries. Therefore, in future research, further
optimization, exploration, and the development of new methods and new structures
are required so that MXenes can have greater application prospects in SIBs. First, for
the preparation of MXenes and MXene-based composites, it was necessary to explore
F-free strategies with scaled-up production, such as the Lewis acid-related molten salt
method. It is undoubtedly an important way to solve the problem where the current MXene
synthesis method contains F, which is not environmentally friendly and has a high energy
consumption rate due to it searching for a suitable etchant to obtain a better etching effect
at a lower temperature. Furthermore, we are more inclined to develop new etching and
stripping technologies, such as electrochemically assisted etching stripping or accurate
interlayer atom removal assisted by multifield coupling. Second, it is also important
to improve stability and avoid oxygen attacks on MXene-based materials. MXenes and
some MXene-based composites are sensitive to oxygen. In general, in the wet chemical
etching strategy, there is a large number of O terminations on MXene surfaces, which
can reduce the active component due to byproduct generation. An important factor is
to reduce the O terminations or replace them with other terminations, such as F/Cl/Br,
even as the negatively charged organic molecules or polar molecules with an effective and
controllable strategy. Third, the high charge voltage of MXene-based materials must be
reduced. In aprotic SIB systems, the high charge voltage can significantly decrease the
energy density of the full cell by about 20-30%. The new structure of the MXene substrate
and the novel active component could be designed with Na* desodiation kinetics and a
lower desodiation energy barrier, which need a new structure or a useful, modified strategy
to address the feedback of the as-prepared materials. It may also be necessary to use the
effective assistance of DFT or other effective simulation technologies, or even a combination
of material genomes and machine learning. Fourth, battery performance, especially lower
coulombic efficiency and rapid capacity attenuation, should be improved. Coulombic
efficiency needs to be improved to avoid the formation of dead sodium. MXene-based
materials with highly reversible Na* storage performance need to be employed, and SEI
film could be further optimized with the effective addition. Long-term durability with
lower capacity attenuation could also be promoted if we employed highly reversible Na*
storage structures and electrochemical stability. The most important thing to investigate is
the structure-activity relationships between MXene compositions, morphologies, structures,
surface functional groups, composites, and material properties, which are the bases of
high-performance structural construction. For example, aiming at the problems of a high
charging voltage, low specific capacities, and low capacity retention, the material structure
could be adjusted in a targeted way to introduce active units such as sulfide and selenide,
and MXene structures could be optimized to effectively suppress the shuttle effect. Finally,
the sodium storage mechanism of MXene-based materials will be the focus in the future,
and targeted feedback research based on the research mechanism may be more effective.
With the research that is developing, MXene-based materials will present great advantages
and application prospects in sodium-ion batteries and other related energy storage fields.
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