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ABSTRACT

With the rapid growth in renewable energy, researchers worldwide are trying to expand energy storage
technologies. The development of beyond-lithium battery technologies has accelerated in recent years,
amid concerns regarding the sustainability of battery materials. However, the absence of suitable high-
performance materials has hampered the development of the next-generation battery systems. MXenes,
a family of 2D transition metal carbides and/or nitrides, have drawn significant attention recently for
electrochemical energy storage, owing to their unique physical and chemical properties. The extraor-
dinary electronic conductivity, compositional diversity, expandable crystal structure, superior hydro-
philicity, and rich surface chemistries make MXenes promising materials for electrode and other
components in rechargeable batteries. This report especially focuses on the recent MXene applications as
novel electrode materials and functional separator modifiers in rechargeable batteries beyond lithium. In
particular, we highlight the recent advances of surface and structure engineering strategies for improving
the electrochemical performance of the MXene-based materials, including surface termination modifi-

cations, heteroatom doping strategies, surface coating, interlayer space changes, nanostructure engi-

neering, and heterostructures and secondary materials engineering. Finally, perspectives for building

future sustainable rechargeable batteries with MXenes and MXene-based composite materials are pre-

sented based upon material design and a fundamental understanding of the reaction mechanisms.

© 2023 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Renewable energy, generated from wind, solar, or tidal waves, has
become an increasingly vital source of electricity generation over
fossil fuels, when considering global sustainability, environmental
conservation and climate change. As these renewable sources are
intermittent, energy storage devices are required to ensure an un-
interrupted and reliable energy supply. Due to the high energy
conversion efficiency, relatively long lifespan, diverse range of en-
ergy and power densities, and cheap maintenance cost, rechargeable
batteries are widely used for portable electronic devices, electric
vehicles and grid energy storage. Lithium-ion (Li-ion) batteries have
gradually dominated the energy storage market since their
commercialization by SONY in 1991 [1]. However, the soaring prices
of lithium due to the limited abundance in nature (e.g., 0.002% in the
earth's crust) make them less competitive for grid-scale adoption
[2,3]. As a result, numerous novel rechargeable battery systems, also
known as beyond-lithium batteries, that rely on more abundant el-
ements, such as sodium (2.3%), potassium (2.1%), magnesium (2.3%),
aluminum (8.2%) and zinc (0.0075%), have been explored and are
showing substantial development. Importantly, among these ele-
ments, sodium and potassium have similar chemical properties to
lithium because they all belong to the IA element group, and hence,
have attracted more attention for the next-generation batteries.
However, the large atomic radii of these ions leads to slow diffusion
kinetics and considerable volume changes of the electrode materials
during the charge and discharge processes, which significantly im-
pacts the electrochemical performance of the batteries [4,5].

Current research activities regarding the appropriate cathode
materials for these batteries are mainly focused on host materials
with a framework structure that can accommodate the large transfer
ions and provide competitive ionic and/or electronic conductivities,
including olivine FePOy4 [6], Prussian blue analogue [7], and layered
transition metals oxides (TMOs) [8]. By contrast, the development of
anode materials is limited to carbon-based materials and metal
compounds that can form alloys with alkali metal [9—13]. Among
these electrode components, 2D materials such as transition metal
dichalcogenides (TMDs), graphene, and TMOs show potential due to
their unique and tunable morphologies [ 14—16]. Since 2012, a class of
2D transition metal carbide and nitride, known as MXene, has
attracted attention. MXenes are derived by the selective exfoliation of
‘A’ layers with chemical etching from MAX phases [17—20] and share
ageneral formula of M, ;1 X;Tx (Where Mis an early transition metal, X
is Cor N, n is 14, and Ty stands for the terminated groups, such as
—OH, —O, —F, etc.) [21]. They possess various physical and chemical
properties, such as high hydrophilicity (eg, contact
angle 21.5°—35.0°) [22], good mechanical properties, tunable
interlayer distance and superior conductivity (e.g., = 9,880 S/cm for
Ti3CoTy, (3,250 + 100) S/cm for V,CTy) [23]. These properties are
beneficial for the development of advanced beyond-lithium batteries
by increasing the electronic conductivity of the electrode materials,
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promoting the diffusion kinetics of large size ions in the electrode
material, relieving the volume change of the electrode materials,
guiding uniform platting and stripping of the transfer ions to suppress
the dendrite growth, and retarding the “shuttle effect” of soluble
species [24—28].

However, pristine MXenes show some drawbacks as anode ma-
terials for large ion storage, which restricts the development of high-
performance beyond-lithium batteries in practical applications. This
includes low specific capacity due to insufficient interlayer space to
accommodate the transfer ions, and poor capacity retention due to
the unreactive microstructure and undesirable surface functional
groups. Therefore, many novel types of MXenes were developed to
modify or enhance the surface and structure. This was achieved
through advanced synthesis strategies, novel nanostructure engi-
neering, regulating chemical composition, or integrating MXene with
other premium electrode materials to form nanocomposites [19,29].
A critical summary of the recent progress in this area is desired to
promote the development and applications of MXenes and MXene-
based composites for next-generation batteries beyond lithium.
Herein, we comprehensively review the advances of MXenes,
focusing on their inherent merits for electrochemical devices, and the
surface and structure engineering tactics for improving their perfor-
mance in the batteries beyond lithium. Lastly, we conclude the cur-
rent challenges in the area and propose several research directions for
developing high-performance MXene-based electrode materials for
building high-performance, sustainable, and economically viable
batteries.

2. Structure and properties of MXene

As MXenes are primarily obtained from the layered MAX pre-
cursors (designated by M, 1AXp), it is essential to understand their
crystal structure [30]. MAX phases are metallic and combine strong
covalent M—X bonds with relatively weak M—A bonds [31]. The MAX
phases belong to space group P63/mmc and are comprised of a layered
hexagonal structure. The ‘A’ element layers (mainly from groups of I1I-
AorlV-Aelements)are inserted between the closely packed ‘M’ layers
(including Sc, Ti, V, Cr, Mn, Y, Zr, Nb, Mo, Hf, Ta, W and unlimited kinds
of solid solution of these elements), which have octahedral sites
occupied by the ‘X’ element atoms (C, and/or N). MXenes can be ob-
tained by etching the ‘A’ group layers out from the MAX phases with
HF, —F containing solutions or Lewis acid etchants. During this top-
down synthetic process, surface terminations of ‘T’, depending on
the reaction environment, are bonded to the M layers. The possible M,
A, X,and Telements in MAX and MXene phases has been summarized
in Fig. 1a. The MAX phases with different stoichiometries (n = 1, 2, 3)
cause the ordering of M atoms to change from MX to M3X; and M4X3
(Fig. 1b—c). For the MX structure, M atoms have a hexagonal close-
packed stacking, while for MsX, and MyX3 structures, M atoms
follow a face-centered cubic stacking [31—33].

MXenes have unique and remarkable properties such as a low
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electron transportation energy barrier, fast ion diffusion pathways,
large specific surface area, functionalized surfaces, high electro-
chemical activity, and a high Young's modulus, which is due to their
crystalline nature and ultra-thin layered structure. These properties
result in high electronic and thermal conductivity, good hydrophi-
licity that enables easy combination with various species, superior
physicochemical properties, and excellent flexibility. This makes
MXenes very attractive for energy storage applications [34,35]. The
specific physical and chemical properties of MXenes vary with
different compositions and surface terminations. Currently, there are
more than 100 stoichiometric MXene compositions that have been
theoretically predicted, and over 30 of them have been experimen-
tally prepared, enabling tuning their properties for a broad range of
applications [29]. The detailed synthesis strategies and structure-
property (e.g., mechanical, electronic and chemical properties) re-
lationships of MXenes, directly relating to their electrochemical en-
ergy storage performance, can be found in previous reports [36—41].

3. Advances and limitations of pristine MXenes for
rechargeable batteries

Pristine MXenes here refer to MXenes that have been etched
and exfoliated from the corresponding MAX phases without any
further treatment to modify the surface or structure of the nano-
sheets. This section attempts to chronologically document some of
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the notable studies conducted on pristine MXenes for rechargeable
batteries beyond lithium.

Lukatskaya et al. first demonstrated that a variety of cations,
including, Nat, K+, NHZ, Mg?*, and AI**, could be spontaneously
intercalated into Ti3C; MXene layers [42]. Their work partially insti-
gated research into MXenes as promising electrode materials for al-
kali metal-ion batteries. Other early investigations involved screening
MXenes as potential electrode materials using theoretical or
computational methods. For example, using first-principles Density
Functional Theory (DFT) calculations to investigate the adsorption
energies of Li, Na, K and Ca atoms on Ti3Cy. Er et al. unraveled the
different relationships between adsorption energies and maximum
coverage of alkali ions on MXenes, owing to their different ionic radii
[5]. The adsorption energies of Li showed less sensitivity as the ada-
tom coverage increased compared with Na, K and Ca counterparts.
The theoretical specific capacities of MXenes for Li, Na, K, and Ca ion
storage have been calculated to be 447.8, 351.8, 191.8 mA-h/g and
319.8 mA-h/g, respectively. Furthermore, they determined that due to
the effective ionic radius of K, only about 60% adatom coverage on
TizC; monolayer was theoretically achievable. Moreover, they used
the Nudged Elastic Band (NEB) method to investigate alkali-ion
diffusion barriers on Ti3C, MXenes, and reported values of 0.068,
0.096 eV and 0.103 eV for Li, Na, and K ions, respectively (Fig. 2a).
These unique characteristics of MXenes show many advantages that
make them worthy of further study in alkali-ion batteries.
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Fig. 1. (a) Possible elements of M, A, X, and T in MAX and MXene phases. (b) Schematic of MAX phases with M,AX, M3AX, and M4AX; crystal structures. Layers of A group denoted
by red atoms will be removed via an etching process. (c) Schematic of the obtained MXenes after the etching process. Formed surface terminations (labeled as ‘T") are denoted by

yellow atoms. Reproduced with permission [33]. Copyright 2020, Springer Nature.
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Xie et al. theoretically disclosed that pristine (oxygen-termi-
nated) MXenes had the lowest diffusion barriers when applied as
electrode materials in non-Li-ion batteries, based on the
M, 1C,02A, stoichiometry (where A is the alkali metal) (Fig. 2b)
[43]. They confirmed their findings with a simple experiment
involving terminated Ti3C; MXene nanosheets. The charge storage
mechanisms of MXenes were experimentally investigated in
rechargeable batteries. When Ti3C,Ty was implemented as an
anode material in Na-ion batteries, it exhibited a reversible Na-ion
intercalation mechanism (Fig. 2c) [44]. After the initial sodiation
process, the interlayer space was demonstrated to remain stable
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and constant. This can be explained by the permanent intercalation
of Na*, which causes a ‘pillaring’ effect in the interlayer space
(Fig. 2d), along with un-coordinated solvent molecules swelling the
interlayer space. This pillaring effect serves to provide additional
structural stability to the layered structure of MXenes, thereby
allowing rapid Na-ion diffusion and good cycling stability. A similar
Na intercalation mechanism was demonstrated for V,CTy, MXene
[45]. The study showed that the ‘pillaring’ effect caused by trapped
Na' and un-coordinated solvent molecules within the interlayer
space after the first sodiation/de-sodiation process was also evident
for V,C MXenes monolayers.
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Fig. 2. (a) Schematic representation of the top view of the energetically optimized migration pathways and the corresponding diffusion barrier profiles of Li, Na, and K on Ti3Cy
MXene. Reproduced with permission [5]. Copyright 2014, American Chemical Society. (b) Side and top views of ion adsorption on Ti,CO, nanosheet, ion adsorption energies, and
theoretical capacities on O-terminated MXene nanosheets. Reproduced with permission [43]. Copyright 2014, American Chemical Society. (c) Charge/discharge voltage profiles of
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Society. (e—g) The high-angle annular dark-field (HAADF) images of Ti3C,X electrodes upon Na* intercalation. Na* are (e) partially or (f—g) fully intercalated into TisC,X from the
surface. Two layers of sodium can be seen intercalated into one interlayer, indicated by yellow arrows in (g). Reproduced with permission [46]. Copyright 2015, American Chemical
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Wang et al. reinforced the understanding of Na®t intercalation
mechanisms for TisC,Ty monolayers, demonstrating that Na* are
intercalated near the surface of MXenes before being diffused into
the bulk [46]. Upon extended sodiation, double layers of Na* could
be inserted into the same interlayer space, which indicated that
increasing interlayer space could be a promising route to improve
the capacity of MXene materials in Na-ion batteries (Fig. 2e—g).
They also used experiment to demonstrate that in the stacked
MXene interlayers, Na' preferred to stay on top of the carbon
atoms, thus shifting the surface terminal group towards the central
Ti which stabilized the macrostructure. Their extensive study pro-
vided important insight into Na®* intercalation mechanisms of
MZXenes. First-principles swarm structure calculations were con-
ducted by Yu et al. to compute the theoretical specific capacity of
2D single atomic layer of TiCs for sodium storage, which is as high
as 1,278 mA-h/g and approximately three times the theoretical
capacity of metal-rich MXenes, such as Ti3C; and Ti>C (370 mA-h/g
and 359 mA-h/g, respectively) [47]. It attests that increasing the
carbon content in the matrix stoichiometry and controlling the
thickness of MXene improves the electrochemical performance as
an anode material in Na-ion batteries.

When TizsCNT, was experimentally investigated as an anode
material for K-ion batteries, it was shown that K* also had the
‘pillaring’ effect, where K-ions were trapped in the interlayer space.
This could be caused by the reactions of K* with the MXene surface
terminal groups, or by the trapped solvent and/or residual etching
products [48]. This is evidenced by a largely irreversible capacity
loss and a permanent increase of the interlayer space after the first
cycle. This study indicates that Ti3CNT, might be a promising anode
material for K-ion batteries if the irreversible capacity loss after the
first cycle can be mitigated. V3C, MXene monolayers were also
theoretically proven to be a potential anode material for Li, Na, K
and Ca batteries [49]. They found that the theoretical capacities of
V3C, are 606.42 mA-h/g for both Li and Na, 269.86 mA-h/g for K,
and 539.71 mA-h/g for Ca. They also used Nudged Elastic Band
(NEB) method to obtain diffusion barriers with the values of 0.04,
0.02, 0.01 eV and 0.04 eV for Li, Na, K and Ca, respectively.

Pristine MXenes have generally tended to be inefficient elec-
trode materials for alkali metal-ion batteries. Even after exfoliation
or delamination to a single or a few layers, the 2D nanoflakes show
a tendency to restack into multiple-layers and agglomerate during
the electrode preparation process, reducing the available interca-
lation sites and resulting in low capacity and poor cycling
performance.

4. Methodology of surface and structure engineering for
MXenes

Most of the electrochemical reactions regarding MXenes in
battery systems are concerned with the surface function and the
structural morphology. The surface engineering, by modifying the
terminal surface group Ty, is the most straightforward method to
change the surface function of MXene (Fig. 3a). Common Ty groups
are —F, —0 and —OH, where the —F terminations are beneficial in
the establishment of stable solid electrolyte interphase (SEI) during
electrochemical reactions, and —O and —OH groups provide a more
stable thermodynamic performance in batteries [50,51]. Other
types of Ty terminations, such as —Cl and —Br, obtained by using the
novel molten Lewis acidic salt etching method, could be very
helpful to extend the surface modification and application of
MXene in the future [52]. Other surface engineering strategies, such
as heteroatom doping including non-metal and metal cooperation
(Fig. 3b) and surface coating strategy (Fig. 3c), are also widely
researched and applied to offer enhanced electrochemical perfor-
mance of the MXene in the beyond-lithium batteries [53,54]. The
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modification of the structure is another promising path to alter
MXene electrochemical characters in battery systems. As the radius
of transfer ions are generally larger in the battery systems beyond-
lithium than the conventional Li—based batteries, the structural
engineering becomes very important for battery design. The most
direct strategy is to increase the interlayer distance of MXene
(Fig. 3d). By introducing large ions like Sn?* and cetyl-
trimethylammonium cation (CTA') as the pillars between the
adjacent MXene layers, the electrode can fulfil the ion transport
requirement for large-size ions like Na™ or K™ [55—57]. Addition-
ally, changing the 2D layer-like structure in MXenes can offer high
electrochemical performance in the beyond-lithium batteries. This
can be achieved through nanostructure engineering (Fig. 3e), het-
erostructure engineering, or introducing secondary materials in the
3D framework with various structural morphologies (Fig. 3f)
[22,58—62]. A development timeline of surface and structure en-
gineering strategies supported by some representative works is
shown in Fig. 3g, where we can see the research initiated from the
interlayer spacing engineering, surface termination modifications
to architecture construction and composites fabrication. Many
recent works on developing MXene-based electrode materials for
rechargeable batteries beyond lithium synergizing two or more of
these strategies to achieve boosted performances.

5. Surface-engineered MXenes for rechargeable batteries
beyond lithium

5.1. Surface terminations engineering

The different types of surface terminations on MXenes directly
influence their charge storage performance. The —F, —O, —OH or
—Cl terminations have a distinct molecular mass, leading to
different theoretical capacities, even based on the same intercala-
tion mechanism. Moreover, the functional groups on MXenes also
influence the reaction kinetics and thereby result in diverse elec-
trochemical performance. Xie et al. firstly indicated the O-termi-
nated and bare MXenes can be promising anode material for
batteries beyond lithium [43]. Recently, Chen et al. carried out first-
principal calculations to characterize two proposed sulfurized
MXenes, Ti»CS; and TiyNS, as potential anode materials for K-ion
batteries [64]. Their study indicates that the K adatom possesses
low adsorption energies of —2.72 eV and —2.37 eV and that the
diffusion energy barriers are 0.046 eV and 0.048 eV for Ti,CS; and
TioNS,, respectively. These MXenes are predicted to allow a com-
plete adsorption layer and rapid kinetics for both surfaces of one
single layer MXene. These factors contribute towards a high theo-
retical specific capacity of the 390 mA-h/g and 381 mA-h/g
(assuming bilayer adsorption) for Ti,CS; and Ti;NS;, respectively.

Bao et al. successfully prepared a wrinkled S-doped MXene
(S—Ti3CyTx) as the sulfur cathode hosts for room temperature
sodium-sulfur (RT Na—S) batteries (Fig. 4a) [53]. The as-prepared
S-doped MXene hosts offered a high sulfur loading of up to
4.5 mg/cm? due to its large specific surface area and porous
structure (Fig. 4b—c). They also improved the electronic conduc-
tivity of the sulfur cathodes and provided strong chemical
confinement to restrict the shuttling of soluble Na polysulfides due
to their high polarity functional groups. Thus, the S-doped MXene
host cathode delivered a high initial capacity of around 822 mA-h/g
and remained a reversible capacity of 577 mA-h/g after 500 cycles
at a current rate of 2 C.

Natu et al. reported a method to synthesize MXenes without
using water as the solvent, which resulted in F-rich terminations
[65]. They utilized the polar organic solvents containing NH4HF>,
where the NH4HF, will dissociate into NH4F and HF in the polar
solvents. Therefore, the HF in the organic solvent plays the same
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Copyright 2017, WILEY-VCH. (f) Heterostructures and secondary materials engineering. Reproduced with permission [60]. Copyright 2020, WILEY-VCH. (g) The development

timeline of the strategies indicated by some representative works.

role as in water for the etching process. The as-prepared F-rich
terminated Ti3C,Ty was tested as the anode material in Na-ion
batteries with carbonate electrolytes, and it offered approxi-
mately double the capacity compared to an MXene obtained by
etching in water with O-rich terminates.

5.2. Heteroatom doping

Heteroatom doping, including non-metallic and metallic atom
doping, aims to provide more electrochemically active sites to
improve ion transport kinetics, electronic conductivity, and the
electrochemical reaction rate. Yang et al. modified the Ti3CyTy sur-
face with nitrogen (N) doping that significantly enhanced the ma-
terial's volumetric capacitance, which illustrates promising
potential for various applications in ion storage [66]. Zhang et al.
synthesized the Mo;TiC,0,-Ptsa by doping the Pt to occupy the Mo
vacancies which effectively improved the charge transfer and
conversion reaction kinetics [67].

Heteroatom doping can also cooperate with structural
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modification to catalyze the conversion reactions in metal-sulfur/
air batteries [68]. For example, Wang et al. doped Co with boron-
carbon-nitrogen nanotubes (BCN) onto TiCN to form the cathode
TiCN—BCN—Co for Zn-air batteries. The TICN—BCN—Co cathode
they designed provided an excellent oxygen reduction reaction
(ORR) activity with better stability and tolerance to methanol than
commercial Pt/C. As a result, their batteries with TiCN—BCN—Co
cathode offered a high specific capacity of 791 mA-h/g with 200 h
of stable cycling [69]. Yang et al. reported a Co-doped MXene-based
hybrid 3D porous host of Ti3CTx/rGO with cobalt nanoparticles
(MG-Co) for sulfur cathodes (Fig. 4d—e) [63]. The cobalt nano-
particles with catalytic characteristics provided strong chemical
adsorption and accelerated conversion of the soluble long-chain Na
polysulfides to insoluble short-chain Na polysulfides, which effec-
tively suppressed the shuttle effect. Thereby, the RT Na—S battery
with MG-Co cathode delivered a high average capacity of
705 mA-h/gat 0.1 Cand good cycling performance with a reversible
capacity of 360 mA-h/g after 200 cycles at 0.5 C.
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5.3. Surface coating

Another type of surface engineering strategy, surface coating,
can improve the chemical and structural stability as well as the
electronic and ion conductivity of MXene-based electrodes.
Carbonaceous materials are commonly applied as coatings on the
MXene nanosheets due to their excellent conductivity, high elec-
trochemical stability, low cost, and accessibility.

For instance, Huang et al. designed the MoSe;/MXene hybrid
nanosheets coated with carbon to form the MoSe,/MXene@C anode
for K-ion batteries (Fig. 4f—g) [54]. The carbon coating strategy
effectively enhanced the electronic conductivity and maintained
the morphology of the MXene-based anode and thus enhanced the
specific capacity, cycling stability, and rate capability. Consequently,
the K-ion batteries with the MoSe,;/MXene@C anode offered a high
capacity retention of 355 mA-h/g after 100 cycles at 200 mA/g.
More recently, Zhang et al. reported a hierarchical porous N-doped
carbon (HPNC) coated fluorine-free Ti3C,Ty cathode by using a one-
pot etching synthesis strategy [70]. The HPNC coating layers suc-
cessfully modify the MXene surface which offers a higher binding
energy, reduces the energy barriers, and thus, improves the
confinement of soluble polysulfides and the redox kinetics. This

259

design demonstrates a novel synthesis method to exploit surface
coating engineering for improving the electrochemical perfor-
mance of MXene-based materials at room temperature with a S/Se-
based cathode.

Overall, owing to their rich surface chemistries and highly
tunable characters, MXenes have numerous surface engineering
strategies and huge potential to build up the conductive frame-
works for improving the electrochemical performance of beyond-
lithium batteries by maintaining the high electronic conductivity,
alleviating volume change, and providing homogeneous ion
transport flux.

6. Structure-engineered MXenes for rechargeable batteries
beyond lithium

6.1. Interlayer space engineering

The tunable interlayer space of MXenes makes them attractive for
energy storage applications, particularly as intercalation-type elec-
trode materials. It can be easily realized by using a variety of inter-
calant species, such as organic molecules and cations. Mashtalir et al.
found that intercalating hydrazine together with N,N-
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dimethylformamide molecules greatly increased the c-lattice
parameter of Ti3C,Ty from 19.50 A t0 25.48 A and then t0 26.80 A[71].
Reversible humidity-dependent expansion of the Ti3C;Ty MXenes
intercalated with cations (e.g., Li*, Na*, K™, Rbt, Mg>* or Ca**) was
also observed [72], and the interlayer space range increased from
12.50 A to 15.5 A. Wu et al. synthesized few-layered Ti3C,Ty by
intercalating the multilayered MXene with dimethyl sulfoxide
(DMSO) and then subjecting the material to high energy ball milling
to yield f-Ti3C,Ty_DMSO [73]. The f-Ti3C,Ty_DMSO electrode applied
in the Na-ion batteries as anode demonstrated a reversible capacity of
267 mA-h/g at 100 mA/g, and a stable capacity of 196 mA-h/g was
maintained after 500 cycles. Moreover, a capacity of 110 mA-h/g can
be achieved at a super high current density of 2 A/g.

Luo et al. made a notable attempt to modify the interlayer space
of MXenes through intercalation of the Sn** (Fig. 5a—b) [55]. In
their initial study, they synthesized a Sn* pillared Ti3C; MXene
matrix by pre-intercalating the pristine MXene with cetyl-
trimethylammonium bromide (CTAB) to obtain a stable ‘pillared’
structure and then intercalated the Sn’>* by ion-exchange with the
CTA™. Based on this work, they used a similar idea to intercalate
sulfur into the Ti3C, interlayer space, thus synthesizing the S
intercalated Ti3C, (CT-S@Ti3C,) [74]. The pristine MXene was pre-
treated with CTAB, followed by heat diffusion of elemental S, and
ending with an annealing process at various high temperatures.
The X-ray Photoelectron Spectroscopy (XPS) results indicated that
the ratio of Ti—S bonds was the highest when annealed at 450 °C,
corresponding to the best electrochemical performance of the as-
prepared materials. The analysis, reinforced with theoretical cal-
culations, confirmed that the excess S atoms provided enlarged
interlayer space, which facilitated fast diffusion kinetics along with
the S-functionalized interlayer. When tested in half cells with the
sodium anodes, the as-prepared materials demonstrated impres-
sive Na-ion storage capability and rate performance with discharge
capacities of 531 mA-h/g at 0.1 A/g and up to 120 mA-h/g at 15 A/g.

Luo et al. also discovered that the interlayer space of Ti3CyTy
MXene is affected by cationic surfactants with different lengths of
hydrophobic alkyl chains [56]. The pillared Ti3zC,Ty MXene with
CTAB intercalation has an enlarged interlayer space of 2.708 nm,
which is 177% greater than the pristine MXene (0.977 nm). Li et al.
studied the effects of partial sulfur doping on the carbon sites of the
TizC; MXenes [57]. They doped sulfur into Ti3C, by HF etching
TizAIC; and subsequent sulfidation using thiourea as the sulfur
source. The large S atoms doped on some of the carbon sites in the
Ti3C, layers served to increase the interlayer space. Combing with
the pillaring effect of trapped Na ions, the layered morphology
shows remarkable stability. These factors combined with the
pseudocapacitive nature observed in the Na-ion storage mecha-
nism highlight the intriguing effects of sulfur doping.

Recently, Han's group successfully incorporated Sb ultrafine
particles onto the few-layered MXene nanosheets (f-Ti3CyTy) to
form the Sb/p-Ti3C,Ty as the anode for Na-ion batteries [75]. With
the benefits from few-layered MXenes, pillaring technique, and
strong chemical bonding of Ti—O—Sb, the Sb/p-TizC,Tx anode
exhibited an enhanced structural stability and conductivity.
Consequently, the Na-ion batteries with Sb/p-Ti3C,Ty anode offered
a significantly improved cycling stability with 350.6 mA-h/g ca-
pacity retention after 100 cycles at 50 mA/g.

6.2. Nanostructure engineering

An alternative strategy to reduce layer stacking and enhancing
the electrochemical performances of MXenes include using 2D
nanosheets to construct 3D porous, crumpled, or hollow spherical
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structures. These strategies increase the active specific surface area
for fast alkali ion transport and provide an abundant porous
structure for electrolyte impregnation.

Zhao et al. reported that 2D MXene nanosheets can be converted
into a 3D hollow sphere structure [22]. The 3D hollow spheres of
Ti3CyTy, V2CTy and Mo,CTy were synthesized by first mixing poly-
methyl acrylate (PMMA) spheres with the solutions containing the
2D delaminated nanosheets. During the mixing procedure, the
MXene nanosheets covered the surfaces of PMMA spheres due to
the interaction of the hydroxyl surface groups of MXenes with
PMMA. The porosity of the final products can be fine-tuned by
changing the size of the PMMA spheres. After vacuum filtration and
annealing processes, the PMMA precursors can be removed and a
flexible 3D porous film with promising properties can be obtained
(Fig. 5¢). The cross-sectional SEM images of the obtained 3D porous
V,CT, and Mo,CTy films are shown in Fig. 5d and e, respectively.
When the 3D porous Ti3C,Ty, V2CTy, and Mo, CTy films were directly
used as the anodes in Na-ion batteries, they exhibited highly
reversible capacities of approximately 295, 310 mA-h/g and
290 mA-h/g, respectively, at the current rate of 2.5 C. The pseu-
docapacitance dominated by Na-ion storage mechanism contrib-
uted to the stable cycling performance of up to 1,000 cycles at
nearly 100% Coulombic efficiency.

Lian et al. alkalized and delaminated accordion-like multilayer
MXenes (i.e., HF-etched Ti3zCy), by shaking/stirring them in KOH
solution [77]. A combination of the shaking/stirring caused a series
of reactions for the substitution of —F terminal groups with —OH
groups, leading to a fast diffusion rate of K™ into the interlayer space.
This promoted the delamination of thin O-terminated MXene
nanoribbons and self-assemble of a 3D porous structure. When
tested as anodes in K/Na-ion batteries, the materials demonstrated
fast reaction kinetics, enhanced reversible capacities, and improved
cycling stability in comparison to the pristine MXenes. However, the
performance of the 3D porous O-terminated MXenes at current
densities above 200 mA/g is nearly identical to that of unmodified
MXenes [77]. Similarly, ultrathin nanoribbons of sodium titanate
(NaTiy50g.3, M-NTO) and potassium titanate (K5Ti4Og9, M-KTO) were
also successfully fabricated through concurrent oxidation and
alkalisation processes of pristine TizC; MXenes [78].

Natu et al. demonstrated that 2D MXene nanosheets would
crumple and ‘crash out’ or flocculate into mesoporous 3D powders
by simply decreasing the pH value of the same colloidal suspension.
The obtained materials exhibited promising electrochemical per-
formances as anode materials in Na-ion batteries [79]. In another
investigation, they proved that a similar crumpled mesoporous
structure could be attained by increasing the pH value of a colloidal
suspension of Ti3C;Ty using common alkali metal hydroxides [80].
Xie et al. designed and constructed a porous anisotropic Ti3CTx (p-
Ti3C,Ty) macrostructure by using a sulfur-based template, which
mitigated the restacking of MXene nanosheets and promoted high
rate performance and long-term cycling stability [81]. The crum-
pled 2D sheets spontaneously arranged into a porous structure,
which retained a high capacity of 189 mA-h/g after 1,000 cycles at
the high current density of 1 A/g. This material potentially prevents
the need to consider a trade-off between power and energy den-
sities, because of the efficient ion storage mechanism, along with
the ultra-fast diffusion kinetics, as revealed by cyclic voltammo-
grams (CV) analysis.

Recently, Zhao et al. reported a K* pre-intercalated Ti3CpTy (K'-
Ti3C,Ty) with a porous framework and enlarged interlayer distance
as a high-performance electrode material for K-ion hybrid capaci-
tors (Fig. 5f—g) [76]. The 3D porous architecture was prepared
through electrostatic flocculation followed by a subsequent freeze-
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drying process. Subsequently, the 3D Ti3C,Ty was treated in KOH
solution to obtain the K* intercalated MXene with a larger inter-
layer distance of 1.32 nm. The unique structure of K'-Ti3CpTy
significantly reduces the structural distortions during the potas-
siation and depotassiation processes. Moreover, a thin and stable
SEI was formed by modifying the concentration of ether-based
electrolyte, consequently improving the overall performance of
the as-prepared materials.

In conclusion, a variety of approaches have been used to opti-
mize the interlayer space and nanostructure of MXenes. The
modified MXenes with more accessible active sites and faster re-
action kinetics showed remarkably enhanced electrochemical
performance in comparison to the original MXenes. These studies
boost the development of the MXene family for future energy
storage applications.

6.3. Heterostructure engineering

Owing to their rich surface chemistries, MXenes can be used as
the template to bond or grow various materials such as TiO;
[82,83], SnO; [82], NiCo,Se4 [61], CuS [84], P [85], and NasTi5O12
[62]. This is known as heterostructure engineering and fulfills the
requirements of different electrodes for different batteries. In the
heterostructure engineering process, the MXene template forms
strong chemical bonds with the loading hetero materials, which
results in the homogeneous distribution of dopants and improves
the ion/electron transport inside the electrodes. The loading ma-
terials also act as spacers to prevent the restacking of MXene
nanosheets and additional reservoirs to store active cations.
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The construction of MXene-based heterostructures can be
realized by oxidation, sulfurization, fluorination, chlorination, or
nitridation of the MXene nanosheets. For example, Yang et al. re-
ported an accordion-like TiO,/Ti3C; anode material derived from
Ti3C, Ty with surface oxidation to obtain TiO, components loaded
on the nanosheets [83]. This strategy formed a homogeneous
decoration of TiO, on the MXene surface, which enabled more
efficient Na ion storage and ion diffusion. Consequently, the Na-ion
batteries with TiO;/Ti3C; composite as anodes demonstrated a high
reversible capacity of 101 mA-h/g after 500 cycles at 200 mA/g.

Utilizing the cations trapped by MXene nanosheets as seeds to
in situ grow a new phase is another strategy to obtain hetero-
structures. Recently, Han's group used a one-step solvothermal
process to design a NiCo,Sey4/f-Ti3C, (few-layered TizCy) electrode
material with heterostructure (Fig. 6a—b), which exhibited good
performance in Na-ion batteries [61]. During the formation, they
used the electrostatic attracting method to dope the Ni>* and Co**
onto the f-Ti3C, flakes. This was followed by the solvothermal
process with selenium powder to form NiCo,Se4 loaded on the f-
Ti3Cy surface. The strong Ti—O—Ni chemical bonds ensure the
NiCo,Se4 nanoparticles distribute on the MXene flakes. The
anchored NiCo,Ses nanoparticles prevented the restacking of
MXene nanosheets and improve the ion/electron diffusion.
Consequently, Na-ion batteries with a NiCo,Se4/f-TizC, anode pro-
vided superior cycling stability with 379.2 mA-h/g capacity that
remained after 100 cycles at 100 mA/g. Similarly, they exploited
residual Cu atoms within the MXene flakes that were synthesized
by CuCl,e2H,0-based Lewis acidic etching method as seeds to in
situ grow CuS on the Ti3C,Ty nanosheets via a sulfurization
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treatment (Fig. 6¢). The as prepared electrode provided relatively
lower adsorption energy to Na (TizCyTy/CuS: —2.78 eV wvs.
CuS: —2.09 eV), increased interlayer space (Fig. 6d), and strong
interfacial bonding, which improved Na-ion storage, ion/electron
transport kinetics, and structural stability.

Moreover, the transition metal atoms (M) at the outer layer of
M, 1X;Tx can be used as seeds to in situ grow hetero materials on
the surface of MXene. Luo et al. fabricated a Na3TisO1,-MXene
hybrid framework by pre-treating the MXene (Ti3C,) with CTAB and
then oxidized them in NaOH solution to grow the NasTizOq;
nanowires on the MXene surface as pillars between the MXene
layers [62]. The Na3TisO12 nanowires supported the wide interlayer
space, which offered stable and appropriate Na-ion diffusion
channels. Meanwhile, the functional groups of MXenes guided the
Na nucleation inside the porous scaffold. Thereby, the CTAB pre-
treated MXene after 3 days of oxidation in NaOH solution (deno-
ted as C-NTO-3) provided excellent Na adsorption capability and
guided homogenous Na plating (Fig. 6e—f). In symmetric cell
testing, the C-NTO-3/Na electrodes offered a much lower interfacial
resistance (=7 Q) than that of Cu/Na electrodes (=56 Q) after 30
cycles, due to the formation of a stable SEI and uniform Na depo-
sition. Moreover, the RT Na—S cells with C-NTO-3/Na anodes
delivered improved Coulombic efficiencies and smaller voltage
polarization than the cells with pristine Na anodes (Fig. 6g), which
indicated the C-NTO-3/Na anodes could also improve the reaction
kinetics and restrict polysulfide shuttling. Consequently, the RT
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Na—S cells with C-NTO-3/Na anodes provided a high reversible
capacity of 456 mA-h/g after 500 cycles at a current density of 0.5 C.

6.4. Secondary materials engineering

Although great efforts have been made to improve the electro-
chemical performance of MXenes in rechargeable batteries, the
achieved capacities of pure or heterostructure MXenes are still less
competitive due to the low theoretical capacity based on the
intercalation mechanism. Many potential strategies are being
explored for the rapid synthesis and testing of new nanomaterials,
as well as the incredible diversity of capabilities that may be ach-
ieved by combining different materials. To boost the capacities and
energy densities of MXenes, researchers have utilized this strategy
to produce MXene-integrated composites or hybrids that effec-
tively exploit the electrochemical benefits of each individual
nanomaterial [82].

6.4.1. MXene with carbon-based material

Carbon-based materials are ideal secondary materials when
combined with MXene to achieve high performance owing to their
high conductivity, structural diversity and low cost. Recently, 3D
porous frameworks built up from MXene nanosheets combined
with carbon-based materials have shown potential to fulfil the
above requirements to boost the electrochemical performances of
beyond-lithium alkali metal anodes. For instance, Tang et al.
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introduced a defect-rich and nitrogen-containing MXene named
DN-MXene into the carbon nanotube (CNT) framework to form a
host for the K metal anode (Fig. 7a) [58]. CNTs as the pillar sup-
ported the stable and large interlayer space between the MXene
layers, which provided a porous structure to accommodate K metal
and provided rapid pathways for K-ion transport (Fig. 7b). The DN-
MXene alleviated the volume expansion of the anode and pre-
sented good potassium-philic characteristic due to its defects,
nitrogen-containing species, and surface functional groups (—OH,
—0, and —F), which delivered a low nucleation over potential of
around 6 mV and guided homogeneous K metal nucleation into the
porous matrix. Thereby, comparing with the traditional Cu current
collectors, the DN-MXene/CNT matrix effectively prevented the
direct plating of K metal outside the frameworks and significantly
reduced the local current density, thus prohibiting K dendrite
growth. Consequently, the K—S battery with the K@DN-MXene/CNT
anode offered a high initial capacity of 638 mA-h/g and remained
around 230 mA-h/g after 500 cycles at a current density of 0.5 C.
Fang et al. coated the MXene (Ti3C,Tx) nanosheets onto the carbon
cloth (CC) to form a Ti3C,Ty-CC host for Na metal anode (Fig. 7c—d)
[59]. Due to the sodium-philic surface with high conductivity and
small interface resistance derived by the MXene coating layer, the
Na@Ti3C,Tx-CC anode provided a stable cycling performance and
high reversible capacity in both ether-based and carbonate-based
electrolytes without obvious Na dendrite growth.

Owing to the good mechanical properties, MXene nanosheets
cooperate with carbon-based materials and can be exploited to
prepare free-standing and flexible electrodes for Na/K-ion anode.
For instance, Sun et al. fabricated binder and current collector free
MXene/hard carbon (HC) anodes by vacuum-assisted filtration of
an aqueous suspension containing HC and TizC,Ty [87]. The as-
prepared free-standing anode contained a 3D microporous struc-
ture, where the HC particles prevented the restacking of MXenes,
by acting as spacers. Additionally, the MXene layers reduced the
volume expansion of HC particles during alkali ion intercalation. A
series of films with three different ratios of HC and MXene were
assembled as anodes, of which the HC:MX-2:1 film achieved some
of the highest reported capacities among carbon and carbide-based
anodes in Na/K-ion batteries. The HC:MX-2:1 film achieved a
reversible capacity of 272.3 mA-h/g after 1,500 cycles at a current
density of 200 mA/g without obvious capacity loss in Na-ion bat-
teries. In addition, HC-MX-2:1 delivered a capacity of 210 mA-h/g at
50 mA/g after 100 cycles with a capacity retention of 84% in K-ion
batteries.

Except the application on anode side, the MXene/carbon-based
composite is also widely used in the cathode side of the beyond-
lithium batteries. MXene nanosheets can combine with carbon-
based materials such as CNT microspheres [86], ultra-
microporous carbon (UMC) [88], reduced graphene oxide (RGO)
[63], and covalent organic framework (COF) [89]. This can optimize
the microstructure of MXenes, which significantly promote the
electrochemical performance of the sulfur cathode in room tem-
perature alkali-sulfur batteries. Recently, our group reported a
porous nitrogen-doped TizCoTy MXene combined with multiwalled
carbon nanotube microspheres (N-MXene@MWCNT-MP) for sulfur
cathodes (Fig. 7e) [86]. This MXene/carbon-based composite pro-
vided a more regular and stable morphology during cycling and
thus offered a higher sulfur loading of up to 5.5 mg/cm?. Due to the
excellent elastic properties of the as-prepared composite, the
spherical structure of the N-MXene@MWCNT-MP cathodes could
maintain a high reversible capacity of 450.1 mA-h/g after 1,000
cycles at 2 C.

MXene/carbon-based composites have also been used to modify
separators and construct functional interlayers to tackle the shuttle
effect and dendrite growth in beyond-lithium metal-S/Se batteries.
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Zhang et al. firstly reported a composite separator with the CTAB
modified CNT and Ti3C;Ty MXene co-assembling on the PP sepa-
rator (denoted as CCNT/MXene/PP separator) for the Na/Li—Se
batteries [60]. The CNT network within the modified separator can
avoid the restacking of the MXene layers and provide a wide-open
channel for rapid transfer of Na ions. Additionally, the surface
functional groups (—OH and —F) of MXene and the CTA" in CTAB
can confine the soluble polyselenide species through the chemical
absorption, which effectively prevent the shuttle effect and protect
the metal anode from corrosion. Furthermore, due to the good
mechanical property of MXene, the CCNT/MXene/PP separator
displayed excellent flexibility (after being bent and folded, it
returned to its original shape), which benefits the safety and cycling
life of the battery. Thereby, the Na—Se battery with CCNT/MXene/
PP separator delivered a good cycling performance with a high
reversible capacity of 450 mA-h/g after 300 cycles at a current
density of 0.5 C.

Overall, the combination of MXene and conventional carbon-
based electrodes can exhibit advantages from both MXenes and
the carbon-based materials. The introduction of MXenes provide
various catalytic functions and specific improvement for the
carbon-based materials, and the carbon-base components effec-
tively enhance the large ion diffusion and conductivity inside the
MXene nanosheets. The MXene/carbon-based composites offer a
very important path to further increase the performance of the
electrodes in the batteries beyond lithium without abandoning the
conventional electrode materials which already have mature
manufacturing procedures and production capitals.

6.4.2. MXene with polymer materials

MXene/polymer composites are mainly applied in alkali metal-
S/Se batteries as the functional interlayer membranes. With the
combination of the MXene with high conductivity and the polymer
materials that increase the wettability and confinement capacity to
the soluble polysulfides, MXene/polymer composites exhibit
excellent performance to enhance the battery system. For instance,
Li et al. combined the guanidinium-based iCON with Ti3C; MXene
(Ti3C,@iCON) to form an interlayer on the polypropylene (PP)
separator. The iCON with high porosity and electrostatic effects
attracts the soluble polysulfide species adsorption and facilitates
ion transportation, and the MXene with high electronic conduc-
tivity and catalytic effects accelerated the conversion of the inter-
mediate species, and thus effectively prohibited the shuttle effect
[90]. The MXene materials can also achieve synergistic effects when
coupling with other different types of functional separators such as
the eggshell membrane [91], and poly(1-[3-(methacryloyloxy)
propylsulfonyl]-1-(trifluoromethanesulfonyl)  imide  sodium)
(PMTEFSINa)-grafted separator [92]. Zhou et al. coated the defect-
rich and nitrogen-containing MXene (DN-MXene) onto the cath-
ode side of a PMTFSINa-grafted separator (which is formed by
modifying the PP separator through the ultraviolet-induced surface
polymerization) and obtained a PMTFSINa-grafted | DN-MXene-
coated Janus separator (Fig. 8a). The DN-MXene coating layer
provided a very strong polysulfides confinement and accelerated
the kinetic conversion of Na polysulfides, which effectively mini-
mized the shuttle effect. This improvement stabilized the Na metal
anode, and the DN-MXene layer also significantly reduced the
unnecessary porosity of the separator, preventing the dendritic Na
from the metal anode to pierce through the separator, which will
incur short circuits and thermal runaway. Consequently, the room
temperature Na—S battery with PMTFSINa-grafted | DN-MXene-
coated Janus separator, Na foil anode, and S@biomass porous car-
bon cathode delivered a good cycling performance with a high
reversible capacity of 962 mA-h/g after 200 cycles at 0.1 C.
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with permission [86]. Copyright 2021, American Chemical Society.

6.4.3. MXene with alloying materials

Alloy-based materials show prospects for large-size alkali ion
storage due to their high theoretical capacity and the abundance of
raw materials. However, these candidates suffer from extensive
volume change during discharge and charge processes, pulverizing
the electrode and deteriorating the cycling performance. For
example, phosphorus (P) has the highest theoretical capacity of
2,596 mA-h/g for sodium storage based on the conversion reaction
to form NasP alloy and a relatively low sodiation potential vs. Na/
Na' [50]. Hence, combining phosphorous with conductive MXenes
to fabricate nanocomposites is a promising strategy to address the
individual issues and synergize their advances.

Black phosphorous (BP) is one of the most stable allotropes of
phosphorus, and its layered structure lends well to exfoliation to 2D
phosphorene. Guo et al. assembled phosphorene with TizCyTy
MXene to form the phosphorene/MXene composite [50]. The
hybrid material with F-rich functional groups on the surface of
MXene layers facilitated the formation of a stable fluorinated SEI,
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allowing enhanced Coulombic efficiency. The BP layers provided
increased Na storage sites and improved electronic conductivity.
Furthermore, the MXene layers in the matrix improved Na-ion
diffusion rate and alleviated anode structural expansion caused
by the sodiation of phosphorene. Thus, the as-prepared composite
anode material combined the advantages of both MXene and
phosphorene, delivering a high reversible capacity and superior
long cycling life (e.g., around 343 mA-h/g at a current density of 1 A/
g after 1,000 cycles).

More recently, Guo et al. designed and synthesized antimony
(Sb) single atoms (SAs) and quantum dots (QDs) co-decorated 3D
MXene aerogel for high-performance potassium storage (Fig. 8b—d)
[93]. The Sb QDs act as potassium reservoirs relying on the alloying
reaction, while the presence of Sb SAs boosts the charge transfer
between Sb QDs and the MXene substrate, which contributes to the
interfacial charge storage performance. Additionally, the 3D MXene
aerogel provides fast electron and ion transport pathways and re-
inforces the structural stability of the composite electrode
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materials. Consequently, the hybrid electrode achieved an excellent
rate capability and cycling performance with a capacity of
314 mA-h/g after 1,000 cycles at 1 A/g. A 2D Bismuth/MXene (Bi/
TizC,) composite was reported by Ma et al. as an anode material for
Na-ion batteries [95]. Through a relatively facile synthesis method,
the Bi nanoparticles were evenly anchored onto the surface of the
MXene nanosheets due to the adsorption of the —OH and —F sur-
face terminals. The as-prepared materials were tested in full cells
and exhibited superior specific capacity, high-rate capability, and
good cycling stability. Bi/MXene anode could be stably cycled up to
2,500 times at the high current density of 5 A/g and retained a
remarkable capacity of 301 mA-h/g.

6.4.4. MXene with metal chalcogenides

Metal chalcogenides are considered as promising anode candi-
dates for rechargeable batteries due to their versatile species, nat-
ural abundance and high theoretical capacity [96]. However, the
inadequate electronic conductivities and large volume expansion
caused by the conversion reactions result in sluggish reaction ki-
netics and quick performance deterioration, rendering them un-
suitable as anodes for rechargeable batteries. Recently, several
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researchers have attempted to synthesize the MXene-based com-
posites by combining the layered metal oxides with MXenes to
integrate their advantages and overcome the shortcomings.

For example, Guo et al. confined Sby03 nanoparticles in a 3D
network of Ti3C,Ty flakes through an easy solution-phase method
[97]. The unique hierarchical architecture of the metal oxides/
Ti3C,Tx composite consists of a 3D network of laterally extending
MXene sheets, which sandwich uniformly dispersed oxides nano-
materials, thus enhancing Na* diffusivity and electronic conduc-
tivity and presenting a stable and attenuated volume change of
electrodes during sodiation and de-sodiation processes. Wu et al.
synthesized a hierarchical MoS;/Ti3zCoTxy composite with MoS;
nanosheets evenly sandwiched between MXene nanosheets. The
hybrid structure overcome the restack tendency of MoS, nano-
sheets during the fabrication, and thereby offering more efficient
electrolyte percolation and ion diffusion pathways [98]. The com-
posite material achieved a high reversible capacity of 250.9 mA-h/g
at 100 mA/g and a capacity retention of 88% after 100 cycles in Na-
ion batteries. Moreover, Cao et al. synthesized SnS; nanosheets and
anchored them onto sulfur and nitrogen co-doped MXenes to
create 2D SnS;/MXene composite [99]. The obtained composite
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materials were tested as the anode materials in K-ion batteries,
achieving excellent reversible capacities (e.g., 342.4 mA-h/g at
50 mA/g) and extremely stable cycling performance (e.g.,
206.1 mA-h/g at 0.5 A/g after 800 cycles).

Furthermore, MXene can also form a composite with carbona-
ceous materials and metal chalcogenides to improve the electro-
chemical performance. Cao et al. fabricated a composite anode
material with fully exposed Fey_1Sey (x = 2 or 3) heterostructures,
which offer a large number of electrochemically active sites [94]. This
allows the formation of stable SEI and improve the efficiency of
electrochemical reactions and contributed strong pseudocapacitive
effects (Fig. 8e—f). The natural fungus (i.e., aspergillus niger) acts as a
natural bionic 1D nano-skeleton and carbon/nitrogen source, thus
facilitating high electronic conductivity. The MXene nanosheet-
wrapped fungal carbonaceous nanoribbons (FCR) provides conduc-
tive supporting layers for the Fey_1Sey. They were subsequently
tested in half cells and full cells using Fey_1Sex/MXene/FCR anodes
and NVP/KVP cathodes. The anode retained a reversible capacity of
348.1 mA-h/g after 2,000 cycles at a current density of 10 A/g in Na-
ion batteries. Meanwhile, its K* storage capacity after 80 cycles was
equal to 449.3 mA-h/g at 0.1 A/g with very low-capacity fade.

7. Conclusion and perspective

In conclusion, MXenes show a promising future to be applied in
sustainable rechargeable batteries. Incorporating advanced surface
and structure engineering, MXenes and MXene-based materials
can have vast potential to boost the electrochemical performance of
the rechargeable batteries beyond lithium.

MXenes are suitable electrode materials for alkali-based batte-
ries beyond lithium due to their unique 2D crystal structure, good
elasticity, various functional groups, high electronic and ionic
conductivity, and excellent pseudocapacitance contribution. With
the development of improvement strategies, including surface
termination modification, heteroatom doping, surface coating,
interlayer space expansion, nanostructure construction, hetero-
structures engineering and secondary material cooperation, the
large-size alkali ion storage capability of MXene-based materials
can be significantly enhanced.

However, the development of MXene-based materials for
rechargeable batteries beyond lithium is still at the early stage,
many challenges need to be overcome ahead of their practical

A  Reduced
production Improved
cost stability

Exploring
new
MXenes

MXenes for
batteries

Fig. 9. Schematic of prospective research directions in developing MXene materials for
rechargeable batteries beyond lithium in the future.
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applications. Herein, we summarize some major hurdles impeding
their wide usage in batteries and offer research suggestions
accordingly (Fig. 9).

(1) Exploring new MXenes and identifying their roles. Many
pristine MXenes with multilayer transition metal backbones
cannot fulfil the request for high-capacity electrodes because
of the high molar mass and limited active sites only
dispersed on the surface. Therefore, incorporating MXenes
will probably reduce the energy density of rechargeable
batteries compared to using carbon-based electrodes.
Exploring and synthesizing new functional MXenes with
My XT, formula and employing them as additives rather than
active materials can minimize this negative impact while
utilizing the advances of MXenes.

(2) Reducing the cost of production. The MXenes are mainly
produced by top-down synthesis using the HF, HF-
containing solution or Lewis acids to etch the MAX mate-
rials currently. The safety control for the employment of
hazardous chemicals dramatically increases the production
cost and restricts the large-scale synthesis of MXenes.
Further modifying the preparation route or developing a
bottom-up synthesis method could be the way to realize the
large-scale production of MXenes for rechargeable batteries.

(3) Improving the stability of MXene-based materials. Currently,
the MXenes have poor air stability due to the easy oxidation
character in the humid environment. The extra humidity
control or protection protocol used in the laboratory is costly
and difficult to be transferred to large-scale production.
Additional antioxidation treatments or facile storage condi-
tions need to be explored to avoid the degradation of MXenes
during manufacturing. For example, surface terminations
engineering by designing pure —O surface functional groups
or coating MXene with air-stable metal/non-metal layers can
be the research directions to enhance MXene stability.

(4) Tailoring the functionalities and expanding roles of MXenes
in rechargeable batteries beyond lithium. The diverse com-
positions and tunable surface chemistries enable a variety of
possible chemical and physical properties of MXenes.
Whereas, most of the efforts have been dedicated to devel-
oping MXene-based electrode materials now. The possibil-
ities of MXenes in beyond lithium batteries as separator
modifiers, current collectors, electrolyte additives or stable
interface inducers necessitate more investigations.
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