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Abstract:
used as an anode electrode directly. These problems cause the solid electrolyte interface (SEI) layer to break and re-form, which con-

Severe dendritic growth and volume expansion are easily induced during the cycling process when lithium metal is

sumes the active lithium metal and electrolyte, thereby reducing the Coulomb efficiency and rapid capacity. Designing a host matrix
with rapid mass transfer and enough storage space to promote lithium homogeneous deposition, hence reducing the repeated SEI
growth and the formation of dead lithium, is an effective method to address the concerns mentioned above issues. MXenes with two-
dimensional layered structures have been regarded as feasible hosts for stabilizing lithium due to their superior electrical conductiv-
ity, sizeable interlayer space, abundant lithiophilic surface functional groups, and excellent mechanical properties. In this review, we
first summarized the multiple synthesis methods of MXenes, including etching the precursor MAX phase, chemical vapor deposition,
UV-induced etching, and mechanochemical et al. Various synthesis methods would induce different surface termination and lamellar
structures, affecting lithium metal nucleation and growth behavior. Subsequently, pure MXene, MXene-carbon and MXene-non car-
bon hybrid compounds applied for lithium metal anode hosts were introduced, focusing on alleviating noticeable volume changes and
inhibiting lithium dendrite growth. Finally, some modification strategies and potential research prospects were summarized and pro-

spected.
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1 Introduction

Rapid development of global economy and popu-
lation increase have intensified energy demands. Ad-
ditionally, the large consumption of traditional non-re-
newable fossil fuels makes the problems of energy de-
pletion and environmental pollution increasingly
prominent’ ®. To continue to implement the concept
of sustainable development, it is urgent to develop and
utilize renewable energy (hydropower, wind energy,
biomass energy and etc.)” ™. Among these new en-
ergy sources, research on electrochemical energy is
essential, and the development and utilization of bat-
teries have attracted widespread attention. Lithium-ion
batteries (LIBs) are popular due to their high voltage,
long cycle life, low self-discharge and high energy
density”'*). However, the energy density of LIBs has
reached a bottleneck of 250-300 Wh kg ™' associated
with the limited theoretical capacity of the carbon an-
ode material, which is inadequate to keep up with the

[14]

growing energy requirements Lithium metal,

known as the “Holy Grail” anode material, has stimu-
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lated the enthusiasm of researchers, which is attrib-
uted to high theoretical specific capacity (~ 3 860
Ah kg "), low redox potential (—3.04 V, relative to
standard hydrogen electrode) and low density (0.53
g cm )71 Tt has been reported that the energy dens-
ity of the full cell reach ~ 440 Wh kg™' when lithium
metal is used as anode matched with LMO (lithium
transition metal oxide) cathode!"", which is far higher
than that of advanced LIBs (250 Wh kg "). In addi-
tion, the lithium-free cathode could be easily matched
when the anode is lithium metal, which is beneficial to
expand the lithium battery system further. However,
the irreversible continuous reaction between high act-
ive lithium metal and electrolyte results in the forma-
tion of thick solid electrolyte interphase (SEI) layer on
the surface of lithium metal, which increases internal
resistance, thus reducing Coulombic efficiency and
shortening cycle life. Besides, the hostless nature of
lithium metal anode (LMA) would produce unlimited
volume expansion during cycling and the SEI film is
too fragile to inhibit the significant change of anode.
Furthermore, lithium ions in the electrolyte gets elec-
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trons to deposit on the surface of lithium metal during
the charging process, which is easy to form moss-like,
needle-like or whisker-like dendrites'* . On the one
hand, lithium dendrites would provide sites for lithi-
um preferential deposition, leading to excessive con-
sumption of lithium and electrolyte. On the other
hand, lithium dendrites are prone to form “dead lithi-
um”. Severe dendrite growth would pierce the dia-
phragm and cause short circuits®* ", Multiple
strategies have been proposed to address these issues,
which are devoted to constructing lithiophilic sur-
faces and expanding Li-ion transfer channels™ "
Represented by graphene, two-dimensional (2D)
layered materials present excellent physical proper-

2-34 . . .
13234 which is conducive to

ties and chemical stability
achieving stable and dendrite-free LMAs.

MXene, a novel kind of 2D transition metal
carbides or nitrides (general formula: M, ., X, T,, where
M represents early transition metal; X represents C
and/or N; n=1, 2, 3; T represents termitransition
group, such as —0O, —F, —Cl, —OH), has been one
of the promising hosts for LMAP**" Firstly, A
single-layer structure MXene sheet is easily pro-
cessed into a well-designed cell structure by various
means, containing coating”™® *, layer-on-layer stack-

[~ (4341 etc. The adjustable in-

ing , and 3D printing
terlayer space of MXene layers provides sufficient
space for Li" transport to guide uniform Li deposition
and growth. MXene was firstly reported to be applied
as Li hosts through repeated scrolling and folding pro-
cesses in 2017. Based on the lithiophobic nature of the
atomic layer, the nucleation and growth behavior of
lithium dendrites are effectively controlled, which
limits the electroplating of lithium within nanoscale
gaps, resulting an excellent cycling stability*'. In ad-
dition, Gong et al.*”! deposited g-C,N, layer on the
Ti,C,T, surface, which not only provided sufficient
lithium affinity sites but also prevented lithium metal
from being continuously corroded by electrolytes. Full
cells matched with LFP cathode achieved high capa-
city retention of 85.5% after 320 cycles at 0.5 C.
Secondly, excellent electronic conductivity and fast
ion diffusion coefficient ensure fast electrochemical

kinetics during the lithium plating/stripping process.

Third, the abundant lithiophilic functional groups on
the surface of MXene provide nucleation sites for Li
uniform deposition. Lai et al.*! reported MXene@
COF heterostructures with high crystallinity, graded
porosity and high conductivity. The lithiated channel
enabled fast Li" transport and accurate Li nucleation,
which provided a feasible for rapid charging of an-
odes without dendrites. Furthermore, MXene materi-
als possess synergies in mechanical strength and flex-
ibility, which alleviates the volume expansion of lithi-
um metal anode. Atomic force microscope (AFM)
nanoindentation test showed that the Young’s modu-
lus and tensile strength of single layer Ti,C,T, MXene
reach 330 and 17.3 GPa, respectively. Besides, the ad-
vantages of lightweight, low cost and stable chemical
properties also assist MXene in adopting on lithium
metal anode™* 7,

In this review, the recent advancements towards
MXene-based LMA are discussed systematically, fo-
cusing on summarizing synthesis methods and applic-
ation of MXene hosts for LMAs (Fig. 1), as well as
prospects towards the commercial applications of
MXene-based LMAs.

2 Synthesis methods of MXenes

MXenes are usually obtained from layered MAX
(M is early transition metal, such as Ti, Mo, V, etc; A

......
.....
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MXene-caroo®
baseq hybrids °
host

Fig. 1 Overview of representative synthesis methods of MXenes and

application as lithium metal anode host
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is an element from IITA or IVA group, such as Al, Si,
Ga, etc; X represents N and/or C) phase precur-
sorsP*! In MAX, M and X are combined by strong
covalent bond and ionic bond, while M connects with
A through weak interacted metal bond, so M-A bond
is easier to be destroyed with the help of chemical
etchants. So far, over 30 MXenes with different ter-
mination groups have been produced through experi-
ments, such as O-terminated MXenes (e.g. Ti,CO,),
F-terminated MXenes (e.g. ScCF,). S-terminated
MXenes (e.g. V,NS,), and Cl-terminated MXenes
(e.g. Ti;C,CL,) et al. And theoretical predictions may
reach over 100 types””. The reported synthesis meth-
ods contain hydrofluoric-based solution etching meth-
od, hydrofluoric-free solution etching method, molten
salt etching method, and chemical vapor deposition
(CVD) method, et al.

2.1 Hydrofluoric-based solution etching method

53 successfully

In 2011, Gogotsi and co-workers
prepared the first Ti,C,T,-MXene from Ti,AlC, using
hydrofluoric (HF) acid solution at room temperature.
This method selectively etches the Al-layer atoms
based on the strong acidity and oxidation of HF, fol-
lowed by delamination into single-layer flakes
(Fig. 2a). The concentration of HF significantly af-

fects the morphology of MXene. HF solution with

high concentrations could produce more defects, lead-
ing to the well separated layered structures but lower
yields. Besides, etching time is another crucial para-
meter. Generally, M, ,C,T-MXene with a high »n
value requires an extended etching time. For example,
the time for etching Mo, Ti,AlC, (n=3) is twice than
that of Mo, TiAIC, (n=2) under the same etching con-
ditions™. Because of the low reduction potential for
Al element, MXenes are usually obtained from MAX
phases containing Al and the central etching reaction
equation is as follows™:
M, ., AlX,+3HF—M,,, X,+AlF;+3/2H, (1)
M, X,+2H,0—-M,,,, X, (OH),+H, 2
M, X,+2HF—-M,,, X, F,+H, 3)

At first, MAX precursor reacts with HF to gener-
ate MXene phase (Reaction (1)), then Reactions (2)
and (3) are generated different surface terminals (—F,
—O, —OH, et al.).

The high levels of acidity and toxicity of HF
challenge the experimental conditions and experi-
mental operation, leading to difficulties in its wide-
spread use. As a result, researchers have focused on
searching for milder etchants that could replace HF in
direct etching of MAX phase. To this end, a novel ap-
proach involving the in-situ synthesis of HF has been
proposed, which involves mixing hydrochloric acid

(HCI) and lithium fluoride (LiF). This method could
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Fig.2 (a) Schematic of the preparation of MXene by HF acid solution etching™!. (b) Schematic of the synthesis of Ti,C,(T), MXene through selective etching

with HF generated in-situ protons and LiF""\. (c) Schematic of etching Si to synthesize MXene!*?.. (d) Schematic of using HF to selectively remove Al,C, for

preparing Ti-free based Zr,C,T '’ Reprinted with permission
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significantly improve the efficiency and safety of the
etching process. Feng et al.”* mixed 2 mL deionized
water and 10 mL HCI and then added 0.8 g LiF and
stirred for 30 min, followed by the addition of Ti,AlC,
to fabricate MXene. More novelty, Ghaza et al.”" dis-
sociated the solution to produce protons under the ex-
citation of megahertz-level frequency sound, then the
proton combined with the F in LiF to form HF
(Fig. 2b). In-situ synthesis HF methods show the char-
acteristics of low corrosiveness, high stripping rate
and few defects. It is reported that MXenes have high-
er volume fraction of —O terminal groups but fewer
F— containing functional groups through in-sifu syn-
thesis HF etching method. Afterwards, other fluorides
(NaF, KF, CaF, and NH,F)/difluorides (NaHF,, KHF,
and NH,HF,) mixed with HCIl or sulfuric acid also
been confirmed to be used for in situ synthesis of HF
to etch MAX phase™ “". For a long time, MXene
could only be produced by MAX phase containing Al.
But Ti,AlC, is costly, resulting in limited application
in mass production. In 2018, Alhabeb and co-
workers'® reported the synthesis of titanium carbide
(MXene) by selectively etching Si from Ti,SiC, pre-
cursor phase using HF and H,O, etchant (Fig. 2c).
MXene prepared by etching Si has higher oxidation
resistance, which expanded the applications area of
MXene materials. Except Ti-based MXene, Du’s
team'® used HF to selectively remove Al,C, to pre-
pare Zr,C,T, without Ti base (Fig. 2d). Subsequently,
Cr,TiC,, Ti,C, Mo,C and other MXene materials were
synthesized successively, which opens new ways for
large-scale synthesis of MXene.

The structure of MXene obtained by the HF etch-
ing method is of loose accumulation with incom-
pletely peeled layers, thus, further intercalation and
sonication treatment are needed. Various inorganic/or-
ganic and ions/molecules are used as pillars to weak-
en MX bonds and increase the layer spacing. Mashta-
lir et al.'*! mixed hydrazine and N, N-dimethylform-
amide (DMF) in MXene, followed by sonication treat-
ment, resulting in the expended layer spacing and
single-layer MXene in sub-micrometer sizes. Note

that the ultrasonic treatment time needs to be con-

trolled reasonably, otherwise MXene sheets display
significant defects under long-time ultrasonic treat-
ment.
2.2 Hydrofluoric-free solution etching method
Hydrofluoric etchants with strong acidity and
toxicity are not adapted to large-scale application and
fluoric-based etchants would introduce inert F-termin-
al, which affects the performance of MXene """,
Thus, hydrofluoric-free etching methods arouse the
research interests. Feng et al.® obtained Ti,C,T,
(MXene) by etching Ti;AlC, in a mixed solution of
NH,CI
(TMA-OH) (Fig. 3a). The strong binding energy
between Cl and Al results the breakage of Ti-Al
bonds. The etching process was greatly promoted by

and  tetramethylammonium  hydroxide

the in-situ intercalation of ammonium hydroxide
(NH,OH). Ultimately, carbide flakes with large size of
18.6 um and high yields of 90% were extracted, more
importantly without any F-terminal groups. Alkali is
another etching agent owing to the strong binding
ability with Al. Zhang and co-worker® applied
27.5 m NaOH assisted hydrothermal of 270 °C etch-
ing under an argon atmosphere and successfully pre-
pare Ti,C,T, with the purity of 92% (Fig. 3b). In this
process, some oxides/hydroxides could be produced
on the surface of MXene, which considerably affects
the reaction kinetics. So, acid treatment is needed after
etching.

2.3 Molten salt etching method

Some water-soluble residual products would be
generated when using aqueous etchants, which affects
the purity of MXene. In addition, the precursors used
to prepare MXene are mainly Al-based MAX phases,
accounting for only about 20% of the MAX phase ma-
terials. Therefore, it is also essential to develop a tech-
nology that could etch the remaining 80% members of
the MAX phase family into MXene materials. Li et
al.l”! synthesized Ti,ZnC, in ZnCl, molten salt at
500 °C, based on the strong Lewis acidity of ZnCl,
molten salt, via a replacement reaction mechanism.
However, as the ratio of MAX and ZnCl, increases,
Ti;ZnC, could be converted into Ti,C,Cl,-MXene

(Fig. 4a), which leads to uncontrollable experiment.
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By adjusting the combination of MAX precursor and

1] designed an etching

Lewis acid, Huang’s team
method that element A is directly oxidation-reduction
coupled with the positive ions in Lewis acid molten

salts, which enables to predict the reactivity of MAX

in molten salt and thus increase the yields of MXene
(Fig. 4b). Lewis acid cations with high redox poten-
tials could effectively oxidize the A-layer atoms with
low redox potentials in the etched MAX phase. Thus,

suitable Lewis acids could be selected to synthesize
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Fig. 3 (a) Schematic of preparing Ti,C,T -MXene in mixed solution of NH,CI and TMA-OH!*”, (b) Schematic of NaOH-assisted hydrothermal etching to pre-
pare Ti,C,T,*!. (Reprinted with permission)
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various MXenes from unconventional MAX phase
precursors containing Si, Zn and Ga, et al.

Compared with acidic aqueous solution treat-
ment, molten salt etching method could not only pro-
duce carbides and carbon nitride MXene, but also etch
the MAX phase of the nitride base. Gogotsi and col-

leagues'®!

reported a method for preparing Ti,N,-
based MXene by heating molten salt mixture
(LiF : KF : NaF=29% : 58% : 12% (mass fraction)),
and Ti,AIN; in Ar atmosphere (Fig. 4c). The prepared
MXene retains the Ti-N bonds in the layered hexagon-

al Ti,N,

[70]

structure. Furthermore, Kamysbayev’s

team' " expanded molten salt etchant and synthesized
the first MXene by Br-terminated. Br-terminated
MXene could be substituted with more functional
groups (—O, —S, —Se, —Te) or vacancy sites to ef-
fectively control the surface chemistry and properties
of MXene materials. On this basis, MXene without
terminal groups is promising to be prepared in the
near future. In general, molten salt etching has obvi-
ous advantages but faces some challenges: (i) The
process needs high temperature heating; (ii) Further
treatment is needed for purification; (iii) MXene
products have numerous defects.
2.4 CVD method

CVD is a bottom-top method and is mainly used
to prepare single or few layers of two-dimensional
MXene materials. Ren and co-workers””'"! fabricated
large-area high-quality 2D ultrathin a-Mo,C crystal
with thickness of a few nanometers by CVD method
with methane as the carbon source and Cu foil on Mo
foil as the substrate under a temperature of 1 085 °C.
In addition, the rapid cooling operation after CVD
growth is necessary for obtaining clean ultra-thin
films without Mo nanoparticles on the surface a-
Mo,C crystal. Besides, CVD method is also con-
firmed to allow the manufacture of other high-quality
2D transition metal carbide crystals, such as ultra-thin
WC and TaC crystals””, which further expands the

1 proposed utilizing

system of 2D materials. Wang
the CVD process to grow Mo,N nitride on a Cu/Mo
substrate. However, Hong et al.”* discovered that the

Mo,N generated through this approach exhibited non-

layered stacking. To address this issue, introducing a
Si source into the CVD process produces a centi-
meter-scale, two-dimensional, single-layer MoSi,N,
(Fig. 4d).

The single-layer membrane structure of MoSi,N,
consists of two Si-N bilayers sandwiched with MoN,
layers, which exhibits high mechanical strength and
environmental stability. The CVD method is favor-
able due to its low cost, ability to cover large surface
areas, and precise control over surface termination,
morphology, and particle size distribution. However,
it typically necessitates high temperature conditions,
which may create difficulty during experimental oper-
ation. In quite recent years, some novel synthesis
routes have been proposed by researchers, such as
UV-induced selective etching method””, mechano-
chemical (MC) method”® and a one-pot molten salt
electrochemical etching method"”, et al. The structur-
al characteristics and defects of MXene depend heav-
ily on the synthesis methods. Therefore, selecting
etchants and routes is crucial for improving the per-
formance of MXene and developing new MXene

components.

3  MZXenes as host for lithium metal
anodes

3.1 Single MXenes as lithium metal anodes host
In 2017, Yang and colleagues™'! introduced 2D
MXene as a potential material for lithium metal an-
odes. Specifically, they utilized a rolling-to-folding
mechanical approach to create a flexible, lamellar-
structured Ti,C,-MXene-Li composite anode (Fig. 5a).
Images obtained through SEM analysis revealed that
lithium metal was evenly distributed between the ul-
trathin layers, effectively restricted without the growth
of lithium dendrites due to the limited Ti,C, spacing.
Additionally, the parallel arrangement of lithium-
sparse Ti,C, nanosheets guid the growth directions of
lithium metal. In order to evaluate the electrochemic-
al properties of Ti,C, MXene, the cycling perform-
ance of the symmetric cell was measured at a current
density of 1.0 mA cm ™' (Fig. 5b). In the case of Ti,C,Li

electrode, the voltage distribution is smoother and the
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Fig. 5 (a) Preparation flow chart of Ti;C, MXene Li composite anode!*". (b) Cyclic performance of symmetrical batteries at constant current density of

1.0 mA cm **!, (c) The rate capabilities of Li-S full cells at various current densities from 0.5 to 5 mA cm *!, (Reprinted with permission)

overpotential is only increased by 1.5% after 200
cycles, which is owing to high electrical conductivity,
numerous nuclear sites on the surface and large gaps
in the lamellar structure. The lithium affinity of Ti,C,
MXene could not only effectively prevent the nucle-
ation and growth of lithium dendrites but also pro-
mote the deposition of lithium in nano-slice gap, res-
ulting in the low overpotential of 32 mV at 1.0
mA cm”

maintained perfect layered structure during long-time

over 200 cycles. Ti,C,-Li electrode yet

cycling, reflecting robust mechanical strength, which
provides an effective barrier for lithium dendrite
growth. The full cell (Ti,C,-Li as anode and sulfur
carbon as cathode) exhibited high reversible capacity
(948 mAh g ") and excellent cycle performance. Even
at a high current density of 5.0 mA c¢cm~,
remained at 360 mAh g' (Fig. 5¢).

In recent years, there has been enthusiastic atten-

the capacity

tion on constructing 3D hosts due to their potential to
promote rapid charge transfer of lithium ions,
lengthen cycle life and inhibit volume change.
However, the conventional horizontal stacking of
MXene nanosheets could limit the ion transport rate in
the electrode. Chen et al.”® developed a vertically
aligned Ti,C,T -MXene nanosheet array (v-Ti,C,T))
as Li metal anode host adopting a facile ice template
assisted blade coating method (Fig. 6a). This method
is also applicable to the large-scale preparation of

electrodes, accelerating the development of lithium
metal batteries. The numerous channels between the
vertically aligned MXene walls provide significant ad-
vantages for electrolyte adsorption and ion transport
(Fig. 6b, c), thereby enhancing the rate performance
of the electrode. In addition, the abundant O— and
F—containing groups on MXenes surface particip-
ated in forming a homogeneous SEI layer, which en-
ables dendrite-free lithium deposition and maintains
structural stability during the plating/striping process.
Furthermore, they demonstrated the nucleation and
deposition behaviors of Li metal guided by v-Ti,C,T,
electrode using ex-situ SEM characterization. When
the Li plating capacity is 1 mAh cm?, the Li metal is
deposited in vertical MXene array channels (Fig. 6d).
When the plating capacities were increased to 3
mAh ¢cm ? and 6 mAh cm 2, Li metal filled the vertic-
al channel tightly (Fig. 6e-f). Therefore, the v-Ti,C,T,
electrode has excellent Li metal deposition perform-
ance at both small and large capacities. To further re-
veal the advantages of vertical structures, the lithium
deposition process was simulated (Fig. 6g). With the
prolongation of deposition time, the thickness of the
but the channel remains
stable. As a result, the Ti,C,T-MXene electrode
achieved a high Coulombic efficiency of 98.8% after

lithium layer increases,

450 cycles at a fixed areal capacity of 1.0 mAh cm™

at a current density 1 mA cm . Impressively, the
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plating states of vertical MXene Li and rGO Li arrays'". (j) Schematic diagram of 3D printing MXene array and lattice™. (k) Cycling performances

of symmetric cells at 1 mA cm 2, 1 mAh cm 2™, (m) Rate capabilities from 1 to 20 mA cm **", (Reprinted with permission)

stable Li plating/peeling behavior could be main-
tained with a high average CE of 98.5% over 150
cycles even when the area capacity was increased to
5 mAh cm’, demonstrating the outstanding electro-
chemical stability, which provided an effective

strategy for the construction of lithium metal elec-

trodes for high-current-density and large-capacity op-
eration.

Similarly, Yang’s team!™

designed a vertical
MXene-Li array with dual-periodic gap, including
nanoscale gap in MXene wall and microscale gap

between MXene walls. The nanoscale gap in the
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MXene wall is conducive to the rapid transmission of
lithium ions during stripping and plating. The micron
gap between MXene walls could effectively uniform
the electric field, suppress the notorious lightning rod
effect and volume change. Generally, the more uni-
form the current distribution on the electrode, the
more uniform the metal deposition. Thus, uniform
lithium deposition for 1 mAh cm™ was observed in
the SEM image (Fig. 6h). As a result, a high-rate cap-
ability up to 20 mA cm>, a low potential of 25 mV, a
high capacity of 2 056 mAh g ', and good cycle stabil-
ity up to 1 700 h were achieved. 3D host strategies
greatly promote the commercial applications of Li
metal anodes. But it is a challenge to manufacture
mechanically stable 3D MXene frames because of the
weak interaction between MXene sheets. 3D printing,
an advanced smart manufacturing technology, allows
precise control of the shape and structure of elec-
trodes from nanoscale to macroscale, resulting in in-
creased specific energy densities. Meanwhile, the
flexible MXene materials are easily sheared under ex-
ternal forces, which is a condition for making 3D
printing ink. In view of this, Yang’s group™” fabric-
ated 3D MXene arrays and lattices by extrusion-type
3D printing technology with a high content MXene
ink of ~300 g L™' (Fig. 6j) and characterized electro-
chemical properties (Fig. 6k, m). As a result, 3DP-
MXene arrays and lattices exhibited a low nucleation
overpotential of ~ 15 mV, indicating a significantly
reduced lithium plating barrier. Meanwhile, large
available interspaces in MXene arrays induce lithium
growth parallel to the filaments. Finally, long cycle
stability of 1200 h and high-rate capabilities up to
20 mA cm” are achieved.
3.2 MXene-carbon based hybrids as lithium met-
al anodes host

MXene nanosheets produced by traditional meth-
ods exhibit limited spatial gaps due to the close stack-
ing arrangement of materials. However, the unique 2D
structure and diverse surface functional groups of
MXene provide permission for hybridization with oth-
er external reagents. Carbon materials with high con-

ductivity, exceptional structural stability and large

specific surface area have been confirmed to be effect-
ive in widening the Li plating/infusion channels of
MXene, while maximize the lithiophilicity and mech-
anical strength of anodes. The remarkable results
achieved by MXene-carbon materials lithium metal
hosts have been reported.

Graphene is a desirable lightweight host for
LMA due to its outstanding chemical and mechanical
stability, large specific surface area and good carrier
mobility. However, since the lack of lithiophilicity,
primary graphene is not suitable for direct use as a
lithium metal host. Therefore, the composites com-
posed of lithiophilic MXene and graphene are expec-
ted to act as ideal host of lithium metal anodes. Wu et
al.®" fabricated a MXene/graphene (MG) framework
via thermal infusion strategy and the fabrication pro-
cess was shown in Fig. 7a. First, the uniformly mixed
suspension of MXene and graphene oxide was ob-
tained through ultrasonic treatment, in which small-
sized Ti,C,T, MXene nano-sheets uniformly dis-
persed on the surface of micron-size graphene oxide
sheets. Followed by freeze-dried to form 3D MGO
aerogels and then mechanically pressed to obtain lam-
inated MGO film. Once the MGO film contacted with
molten lithium, the reduction reaction were induced
rapidly to form an interconnected 3D MG nano-por-
ous framework. This 3D frame could significantly in-
hibit MXene restacking and oxidation, while the ro-
bust mechanical property of 3D frame hinders volume
expansion of Li deposition. Compared with pure
MXenes, —OH terminal groups on the 3D surface
disappeared and the —O containing functional groups
were retained. The first principles calculation demon-
strated that Ti-Li, O-Li and F-Li mixed covalent/ionic
bonds play key roles in ensuring uniform lithium met-
al deposition™!. The enhanced lithiophilicity and high
specific surface area of 259 cm’ g ' supported MG
electrode in achieving an ultrahigh Li content of 92%,
a high CE of 99%, a long-term cycling stability over
2 600 h at a high capacity of 5 mAh cm . Half of the
rGO surface was coated with a pure MXene layer and
deposited 1 mAh cm™> Li at a current density of
0.25 mA cm . The results showed that lithium-free
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Fig. 7 (a) Schematic of M/G aerogel prepared by thermal infusion strategy process and Coulombic efficiency of MG electrode at a current density of

0.5 mA cm * with 5 mAh cm*®", (b) Photos and top SEM images of Li deposition on rGO coated MXene and uncoated MXene!®'!. (c) The contact

angle of electrolyte droplets on MG-Li at the initial time and after 1 min™®'". (d) Schematic illustration of Li-Ti,C,T,-rGO preparation™. (¢) Cycling

performances for Li- Ti,C,T,-rGO films of stripping/plating capacity of 2, 3, 5 and 10 mAh cm > at 1 mA cm ™, (f) Cycling of symmetric

Li-Ti,C,T,-rGO electrodes and bare Li foils for more than 300 h at a current density of 5 mA-cm . (g) Rate capability of
LFP||Li- Ti,C,T,-rGO and LFP||bare-Li cells from 0.2 to 10 C**, (Reprinted with permission)

dendrite grow on the surface of the MXene modified
part, while irregular Li dendrites were observed in the
exposed part without MXene modification (Fig. 7b).
Furthermore, the contact angle of electrolyte droplets
on MG-Li fell to 0 after 1 min (Fig. 7¢), ensuring that
Li metal deposits uniformly on the MG scaffold. Con-
sequently, the MG electrode maintains high CEs of
~99% over 2 700 h at 5 mAh cm ™. According to this
theory, Cao et al.® designed a 3D porous MXene
Ti,C,T -reduced graphene oxide (MXene-rGO) mat-
as the stable host
(Fig. 7d). MXene served as the skeleton and provided

rix with a “building function”

wettable surfaces to promote the uniform absorption
and nucleation of Li. The graphene oxides acted as
isolated nanoanodes, which enabled dendrites gener-
ated during repeated stripping/plating processes to be
separated and sealed in separate interlayer units,
avoiding magnified Li dendrites growth. Based on the
first-principles, the —F and —O functional groups on
the Ti,C,T, surface exhibited high adsorption ener-
gies with lithium of —0.615 and —0.931 eV, respect-
ively. But molten Li did not quickly fill in the entire
film when it is injected, which was limited by the tight
layered structure of MXene. After standing for 2 min,

the GO film ruptured due to intense spark reaction. Fi-

nally, the MXene combining with crushed rGO could
improve mechanical stability and flexibility, while
rGO assisted in expanding the interlayer spacing of
MXene and generating porosity to accelerate wetting
rate and accommodate a large amount of lithium met-
the Li-Ti,C,T,-
rGO electrode displayed long cycle lifetimes of 300

al. At a current density of 1 mA cm~,

and 400 h with deep peel/plating capacities of
5.0 mA cm > and 10 mAh cm?, respectively (Fig. 7e).
The initial overpotential of Li-Ti,C,T, -rGO electrode
was ~ 107 mV and gradually increased to 132 mV
after 200 h at 5.0 mA cm > with 1 mAh cm* (Fig. 71).
Compared to LFP|bare-Li cells, LFP||Li-Ti,C,T -rGO
cells presented a higher discharge specific capacity.
Besides, the LFP|| Li-Ti,C,T,-rGO cells exhibited fast
stability and higher average Coulombic efficiency
after 60 cycles (Fig. 7g).

Carbon nanotubes (CNTs) with an inner cavity
structure have characteristics of lightweight, flexibil-
ity and large specific surface area. Introducing CNTs
into MXene not only stabilizes the layer structure but
also improves layer-layer spacing. Sun et al.™ suc
cessfully synthesized CNTs@Ti,C, hybrid structure
using microwave radiation method. In this structure,

the CNTs served as spacers to prevent the restack of
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MXene and bridge the gap between Ti,C, intermedi-
ate layers. Ti,C, acts as the substrate to provide active
sites and promotes the growth of CNTs. The prepared
CNTs@Ti,C, maintained a high reversible capacity of
175 mAh g at a high rate of 31.25 C. Based on this
theory, Xu et al.®! introduced CNTs into Ti,C,T, to
build a crosslinked conductive network, followed by
ball-milling method to combine Ti,C,T/CNTs with
red phosphorus (P) forming a Ti,C,T /CNTs@P nano-
hybrid (Fig. 8a). Under the ball-milling shear forces,
Ti-O-P chemical bond was formed between P and
oxygen containing functional groups on Ti,C,T,
nanosheets (Fig. 8b). The P—O bond energy is high-
er than the P-P bond energy, therefore the formation
of Ti-O-P bonds is beneficial to maintain a tight con-
nection between the red P and the substrate, improv-
ing structure and cycling stability. Meanwhile,
Ti,C,T,/CNTs could buffer the large volume change
of red P particles during charge/discharge. Ti,C,T/
CNTs@P nanometer hybrid material obtained high
lithium storage capability of 2 598 mA h g ' at 0.05 C,
high Coulombic efficiency of 77% and outstanding
long-term cycling stability of 2 078 mA h g™ over 500

31 yni-

cycles. More recently, Yan and co-workers
formly decorated SnO, nanoparticles with highly-lith-
iophilic and low-nucleation-barrier (~ 13 mV) on
MXene-CNT for uniform Li deposition (Fig. 8c).

Lithium ions were preferentially deposited at the bot-
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tom of the skeleton and reacted with SnO, to produce
a Li-Sn alloy phase, providing multiple nucleation
sites for Li deposition. Subsequently, the lithium crys-
tals inside the interlayer of MXene would continue to
guide the deposition of Li. In addition, the conductiv-
ity of the CNT at the top was significantly lower than
that of the bottom CNT/MXene/SnO, composite film,
which further inhibited the growth of Li deposits on
the top, resulting in dendrite-free Li anodes. Symmet-
ric cell assembled with Li@CNT/MXene/SnO, elec-
trodes achieved stable Li deposition for 1 300 cycles
at 10 mA cm” with an area capacity load of 1
mAh cm . With the current density increased to 30
mA cm’, the voltage hysteresis of the bare Li elec-
trode sharply increased to 350 mV after 260 cycles,
which was mainly related to the increased interface
resistance caused by the repeatable rupture/reforma-
tion of Li dendrites and SEI layers. In contrast, sym-
metrical batteries with Li@CNT/MXene/SnO, elec-
trodes exhibited stable Li plating/stripping behaviors.
In situ digital holography technology was used to
monitor the change of Li" concentration at the elec-
trode/electrolyte interface (Fig. 8d). Note that the blue
color at the interface of lithiophilic SnO, composite
material/electrolyte deepened, corresponding to a de-
crease in Li" concentration with the prolongation of
electrodeposition time, which indicated that Li" pref-

erentially reduce at the interface of SnO,/electrolyte to

MXene —— CNT
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Fig. 8 (a) Schematic of Ti,C,T /CNTs@P nanohybrid as well as SEM imagines of Ti,C,T/CNTs and Ti,C,T/CNTs@P at the bottom left**, (b) High resolu-
tion XPS spectra of Ti and C*". (c) Schematic of Li deposition in the CNT/MXene/SnO, composite host™®), (d) In-situ digital holographic test images of Li met-
al deposition process in the CNT/MXene/SnO, at 10 mA cm ™!, (¢) SEM morphologies of the CNT/MXene/SnO, host with Li plating capacities of

4 mAh cm? and 8 mAh cm ), (Reprinted with permission)
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form metallic Li. As a result, a high reversible capa-
city loading of 8 mAh cm ™ with only 4.6% volume
expansion at 10 mA cm > was obtained (Fig. 8e). The
full battery also exhibited fast-charging capability, ex-
cellent cycle stability and high Coulombic efficiency.
This work enormously broadened the practical applic-
ations of MXene in the durable high-power lithium
metal battery field.

Carbon nanofibers are common Li host materials
due to good electrical conductivity and high specific
surface area, which could effectively reduce the local
current density and inhibit the growth of dendrites.
Song et al.™ designed three-dimensional porous
Ti,C,T /carbon nanofibers (TCCNFs) foam by anneal-
ing MXene/bacterial cellulose (BC)/urea mixture
(Fig. 9a). Cationic protonation urea could be strongly
absorbed by negatively charged MXene in mild acid-
ic environments, and the abundant functional groups

on the surface of MXene could form hydrogen bonds
with the hydrophilic groups of bacterial cellulose
(BC), resulting in the formation of TCCNFs foam
with a stable structure. As shown in Fig.9b and 9c,
pores could be observed not only on the cross-section,
but also on the MXene sheets. The potential-capacity
curve of Li deposited on TCCNFs foam electrode
showed that the nucleation overpotential was only
32 mV at 1 mA cm* (Fig. 9d). Continuing the Li de-
position until a short circuit occurred, TCCNFs foam
electrode obtained a capacity of 45.7 mAh, which is
much higher than that of TCCNFs. In addition, it was
observed that Li were evenly distributed along the
MXene sheets as well as inside the 3D TCCNFs foam
frameworks. The Li" migration channels were simu-
lated through finite element analysis (FEA) (Fig. 9e).
The results showed that the electric displacement
fields on the edges of MXene nanosheets and holes
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Fig. 9 TCCNFs foam™: (a) Preparation schematic, (b) Top-surface and (c) Cross-sectional SEM images. (d) Li deposition curves at 1 mA cm > (e) Mul-

tiphysics finite elemental analysis of the electric displacement field. (f) Voltage-Time profiles of symmetric cells at | mA cm >, 1 mAh cm ™ and (g) 5 mA cm 2,

5 mAh cm%; Ti,C,T,/CMK-5 composite®”: (h) Preparation schematic. (i) SEM and (j) TEM images. (k) Cycling stability at 1 C. (Reprinted with permission)
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were significantly stronger, corresponding to an in-
crease in negative charge concentration at the edges,
which could attract lithium ions to form ion channels.
The symmetrical cell of Li@TCCNFs foam could
effectively run stability for 1400 and 200 h at 1
mA cm’, 1 and 5 mAh cm?, respectively (Fig. 9f and
9g). Further, the as-assembled full cell (Li@TCCNFs-
foam as the anode, LiFePO, as the cathode) delivered
510 cycles and 100 cycles at 2 C and 4 C, respect-
ively.

The capacity and cycle stability of Li anodes
could be markedly increased by adding carbon materi-
als to MXenes. On the one hand, carbon materials
provide conductive paths for Li ions. On the other
hand, it improves structural stability by connecting
and supporting MXenes layers. The advantages of
regular pore size distribution, adjustable porosity, and
stability make
ordered mesoporous carbon (OMCs) be practicable
selection. Yaftian et al.™ prepared Ti,C,T/CMK-5
nanocomposite by introducing CMK-5 in to Ti,C,T,

excellent chemical and physical

layers with fast and simple high-energy, wet ball
milling process (Fig. 9h). As seen in Fig. 9j, the spe-
cial structure of CMK-5 could effectively prevent the
stacking of individual Ti,C,T, sheets. TEM image in-
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dicated that CMK-5 particles are interconnected
between and around thin MXene layers (Fig. 9k). The
electrochemical test results displayed a high revers-
ible capacity of 342 mAh g ' at 1 C after 100 cycles
(Fig. 9m), which is related to the amplified surface
area and stable structure of Ti,C,T/CMK-5 nanocom-
posite.
3.3 MXene-non carbon based hybrids as lithium
metal anodes host

Lithiophilic host design could effectively control
lithium deposition to ensure good cycling perform-
ance. A strategy for creating lithiophilic surfaces was
to use metal nanoseeds with minimal nucleation over-
potential. Zn (Zn) is a high-efficiency nucleating
agent. Zn doping plays a key role in reducing interfa-
cial resistance and accelerating charge transfer, which
in turn promotes redox kinetics and enhances cell re-

versibility. Recently, Gu et al.l*¥

immobilized single
Zn atoms on MXene layers to control conveniently Li
plating behavior (Fig. 10a). The TEM in Fig. 10b
showed that single Zn atoms are formed on the top of
Zn-MXene nanosheets. Due to a large amount of act-
ive Zn sites on the planes and the strong lightning rod
effects at the edges, the lithium tended to nucleate uni-

formly on the Zn-MXene layers and then grew vertic-
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Fig. 10 Zn-MXene nanosheets™™: (a) Manufacturing schematic. (b) TEM and HAADF-STEM images. (c) SEM images after Li plating with various capacit-
ies. (d) Rate capabilities of the Zn-MXene-Li anodes at various current densities (1-16 mA cm ) and folding and twisting tests. (¢) Typical SEM images of Zn-

MXene-Li anode at different Li plating levels. (f) Schematic of lithium deposition and stripping process on B-doped Ti,C,T,Li electrode®™. (g) Cycling per-
formance at 0.5 C and rate of full cells assembled with LFP cathode and B-doped Ti,C, T @Li anode"®. (h) SEM and (i, j) corresponding EDS mapping images
of MXene@RP paper. (m) High-resolution XPS spectra of MXene-Ti 2p, MXene@RP-Ti 2p and MXene@RP-P 2p”, (Reprinted with permission)
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ally to afford bowl-like lithium without lithium dend-
rites (Fig. 10c). A stable and long-life of 1200 h as
well as good rate capability were achieved for the Zn-
MXene-Li anode. The overpotential of 0.25 V for Zn-
MXene-Li anode was still maintained at a high cur-
rent density of 16 mA cm ™ (Fig. 10d), which is lower
than that of most reported Li-based composites.
Moreover, the plating-stripping curves were still
stable in the range of 5-40 mAh cm™ at 1 mA cm >
and lithium metal still tended to grow on the surface
of Zn-MXene films (Fig. 10e). Besides, the surface in-
tegrity of the Zn-MXene film remained intact after re-
peated folding and twisting, indicating excellent flex-

B9 anchored ultra-fine

ibility. In parallel, Feng et al.
and strong Au layers on MXene paper to design 3D
flexible MXene@Au host by ion sputtering method.
The flexible 3D MXene@Au@Li anode showed sig-
nificantly enhanced performance with high-capacity
retention of 98.47% even after 200 cycles and good
rate capability, which could also be extended to other
metal cell systems.

In addition to metal nanoseeds modifications,
nonmetallic atoms-doped MXene materials as Li met-
al bodies have been widely reported and significant
results have been achieved. In Xin’s study®”, boron
(B)-doped MXene@Li electrode demonstrated Li"
plating/stripping efficiency, associated with larger
electronegativity of B. As we all know, elements with
a large electronegativity correspond to strong elec-
tron-attracting ability. Thus, the ability of negative
charge (e.g., —F and —O) to adsorb Li near B was
enhanced. So B ions could provide more active sites
to induce uniform deposition of Li (Fig. 10f).

Finally, B-doped Ti;C,T,@Li anode exhibited
good cyclic stability with high CE in different test
conditions. The full cells composed of B-doped
MXene@Li as anode matching LiFePO, cathode
emerged preferable cycling stability and rate perform-
ance (Fig. 10g). In view of this concept, Niu’s
group®"! doped BF, to single layer Ti,C,-MXene,
which enhanced interfacial stability between MXene
surface and electrolyte. Meanwhile, BF;-MXene lay-

er combining in-situ-formed lithium carboxylate or-

ganic layer supported rapid Li-ion diffusion, resulting
in a long cycling capability of large-sized full-cell.
Red phosphorus is often used as modifier for
alkali metal anodes due to its high theoretical specific
capacity (2 600 mAh g ') and its role in promoting the
migration of alkali metal ions. In addition, red P al-
loys Li metal to form Li,P, which reduces the interfa-
cial resistance, accelerating the reaction kinetics and
homogenizing Li deposition. However, the low con-
ductivity characteristic prevents P from contributing
to the battery anodes. Huang et al.”” designed iodine-
doped red P to prepare MXene@iodine-doped red
phosphorus paper (MXene@RP) based on the advant-
ages of iodine alleviating low conductivity. The uni-
form distribution of iodine-doped red phosphorus
particles between MXene layers provided more nucle-
ation sites for regulating the nucleation and growth of
lithium (Fig. 10h, j and k). And the formation of Ti-O-
P bonds maintained the stability of the material to en-
sure long battery life (Fig. 10m). LFP[MXene@RP@L1i
full battery maintained a Coulombic efficiency of
98.6% and a capacity retention rate of 81.4% for 600
cycles at 4 C, which proposed a feasible scheme for
the development of high energy and high cycle effi-

ciency batteries.

4  Conclusion and outlook

This review provided an overview of the latest
research progress on developing MXene-based lithi-
um metal hosts. Various synthesis methods of
MXenes, including hydrofluoric-based solution etch-
ing, hydrofluoric-free solution etching, molten salt
etching, CVD method and so on, were systematically
introduced. As hosts, pure 2D structured MXenes ex-
hibited robust mechanical strength, high flexibility
and could be easily transformed into different 3D
frameworks, which enables multiple routes for Li"
transmission. In general, MXenes materials hold
promise as effective hosts for lithium metal, which
contributes to the development of high-performance
lithium-metal batteries. Meanwhile, the multifunction-
al functional groups on the surface of MXene

provided more nucleation sites for Li deposition, pro-
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moting dendrite-free lithium growth. In recent years,
researchers devoted to doping various external re-
agents to functionalize MXene hosts, including
graphenes, reduced graphene oxides, carbon nan-
otubes, carbon nanofibers, ordered mesoporous car-
bons, lithiophilic metal nanoseeds (Zn, Au etc.) and
nonmetallic atoms (B, P, etc.). The modified MXenes
are expected to be applied in high-energy-density lith-
ium metal batteries.

Although great progress has been made in the re-
search of MXenes materials, there is still a long way
to go in the commercial applications of MXenes ma-
terials in practical battery systems:

(1) The surface terminations play crucial roles in
the nucleation and deposition behaviors of Li. It is re-
ported that —OH exhibits Li lithiophobicity, while
—O and —F functional groups could act as lithiophil-
ic sites for Li uniform nucleation and growth. The
comprehensive effects of two or more surface func-
tional groups still needs further understanding. In ad-
dition, more synthesis methods are expected to be de-
signed to produce MXene with other terminations, en-
riching the MXene material family.

(2) The electrochemical stability of MXene/Li
composite anode at high current density should be
paid attention. Single strategy could not solve all the
problems of lithium metal anodes. It is reasonable to
combine multiple methods (artificial SEI layer, elec-
trolyte additives, etc.) to design lithium metal batter-
ies with higher energy density and longer cycle life.

(3) Combine theoretical calculations, machine
simulations and advanced characterization technolo-
gies to reveal the evolution of lithium metal negative
electrode during the process of charging and dischar-
ging, and establish more key parameters of lithium
metal battery to provide research directions for the
next generation rechargeable batteries.

Introducing MXene materials into LMA could
not only effectively address the problems of dendrite
and volume expansion, but also promote the develop-
ment of green energy storage systems, providing feas-
ible strategies for developing the LMBs with high-en-

ergy densities and high security.
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