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Abstract: Next-generation rechargeable batteries are being developed to
address challenges such as low cost, high stability, high energy density,
and safe energy storage materials. MXene-based mate-rials have attracted
wide attention due to their unique properties, large surface area, high elec-
trical conductivity, and easy dispersion in solvents compared to graphene.
MXene derived from carbide and nitrides of transition metals (Ti3C2TX)
have unique properties compared to other two-dimensional materials (2D)
for use in rechargeable batteries. MXene electrodes delivered excellent
performance and cyclic stability in various rechargeable secondary
batteries. This re-view highlights the role of MXene in next-generation
rechargeable batteries of lithium ion bat-teries (LIBs), lithium sulfur
batteries (LISBs), sodium ion batteries (SIBs), zinc ion batteries (Z1Bs),
aluminium ion batteries (AllIBs), potassium ion batteries (PIBs) and
magnesium ion bat-teries (MIBs). Moreover, in this review, we discussed
the current research developments to im-prove the efficiency of energy
storage devices and present the future research direction to im-prove the
scalability, stability, and overall performance of MXene-coated electrodes
in recharge-able batteries to overcome the energy storage challenges.

Keywords: MXenes, Rechargeable Batteries, Energy Storage Devices,
Structure Design.

1. Introduction

In modern days, renewable energy resources are being discussed widely as environment-friendly energy
use. Moreover, the output of renewable energy resources is weather and climate dependent [1]. Due to
the intermittent nature of renewable energy resources, Energy storage devices ensure a continuous and
reliable energy supply. Renewable energy storage technology is widely being explored by researchers
due to advancements in portable electronic devices, battery electric cars, and hybrid electric vehicles
[2]. Metal air batteries will be in high demand batteries in the future due to their variety of applications
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in battery electric cars, hybrid electric vehicles, and grid energy storage due to their high power, open
structure, and high energy density. Rechargeable batteries have a huge demand due to their high
efficiency, long life cycle, low cost, cheap maintenance, and diverse range of power densities and
energies [3]. However, researcher focused on two-dimensional (2D) materials to develop next-
generation rechargeable batteries because of their integration in an array of energy generation and energy
storage applications. Electrode materials play a crucial role in rechargeable batteries, and many
materials have been developed as electrode materials. However, maximum energy storage can be
achieved in high power density materials, where electrons and ions can move rapidly [4]. Only open 2D
materials have excellent storage capacity due to their large specific surface area and capability to
facilitate ion transportation, while other 2D materials cannot meet the requirements of life cycle, power
density, and energy density. Graphene has high mechanical strength and electrical conductivity, but it
shows limited charge storage capacity due to charge storage on its surface only. Transition metal
dichalcogenides (TMDs) show high initial capacities, but their poor capacity and low electrical
conductivity remain significant challenges [5]. Lithium ion batteries are considered as most commonly
energy storage devices due to their remarkable cyclic stability and energy density, but limited resources
of lithium, toxic organic electrolytes, unsafe and high cost promoted the development of reliable, low
cost and safe energy storage devices [6]. In the past decade, multivalent metal ion batteries, including
calcium (Ca), magnesium (Mg), zinc (Zn), and aluminium (Al), rapidly developed due to their high
charge transfer, low cost, high safety, and abundant natural reserves [7,8]. To overcome these issues,
MXene is a new material resulting from graphene that can be used to overcome these issues. MXene is
the result of long-term research on two-dimensional materials extending to metal oxides, transition metal
dichalcogenides, metal oxides, and so on [8]. MXene is a family of two-dimensional materials that have
a composition of carbides and transition metal nitrides with randomly distributed surface functional
groups. MXene earned a title of “next-wonder material” in a very short time [9]. MXene carries unique
properties as compared to graphene, being energy storage material with a large surface area [10], easy
dispersion of solvents [11], rich surface chemistry [12], and high electrical conductivity 2 x 10° Sm*
[13]. These properties of MXene include a two-dimensional structure to facilitate the rapid
transportation of ions and mechanical flexibility at the nanosheet level. Next generation rechargeable
batteries demand to improve the electrochemical performance including long-term stability, high power
density and high energy which depends upon the properties of electrode materials [14]. The idea of
MXene synthesis was replaced from single transition metal toward double transition metal-based
MXene, and fabrication techniques were replaced by stamping/printing strategies for scaling up for
standardized mass production. Researchers lifted off the limitations on the fabrication of electrodes with
challenging designs to explore the scope of MXene in energy storage applications [15]. Hussain et al..
explored the significance of electrode designing and surface engineering with nanostructure morphology
[16]. MXene-based electrodes can be developed by combining MXene with other materials [17]. Almost
30 MXene electrodes have been experimentally reported, and the performance of TisC,Tx attracted more
attention among all because it offers high volumetric capacitance due to the redox-active titanium atom.
Controlled composition of surface terminations and metal/carbon ratio on surface MXene not only
improves the energy storage and electrochemical performance but also avoid stacking of MXene single
layers [18]. In this review, we discussed the role of MXene in next-generation rechargeable batteries
and summarized the performance of MXene in rechargeable batteries.

2. Overview of MXene Materials and their Unique Properties

For more than a decade, Tremendous research on the exfoliation of graphene has attracted the great
attention of scientists to improve the efficiency of conventional devices, e.g., solar steam production,
rechargeable lithium ion batteries, photodetectors, fuel production, and photothermal therapies.
Derivatives of Phosphorene, MoS,, proved to be efficient materials among 2D materials. After the
successful preparation of graphene in 2004, 2D materials attracted wide attention due to their mechanical
and physiochemical properties [19]. At First time, In 2011, Prof. Yury and Prof. Michael W. Basrsoum
developed MXenes (TisC,Tx) derived from carbide and nitrides of transition metals, but due to the use
of hazardous hydrofluoric acid in synthesis methods, they still remain under investigation by researchers
[20]. MXene have Mn+1AXnTx chemical composition where n=1,2 or 3 Where M is transition metal (Cr,
Ti, V, Zr, Nb, Hf, Mo) A is element of group A or semiconductor and X is Carbon or nitride while T
stands for surface termination group (O, OH, F) [Figure 1] [21].
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Fig.1 Hlustrate the fragments of the periodic table classified as M, A, and X in MAX phases [22]
MXenes are widely used in future applications such as Sensors, gas adsorption, photocatalysis, Water
purification, and Energy storage [23] due to their various physical and chemical characteristics e.g.
superior conductivity (3550£100 S/cm for V.CTx) high hydrophilicity (contact angle 21.5°-35.0°),
tunable interlayer distance and good mechanical properties [7]. MXenes are highlighted as potential host
material for lithium ion batteries (LiB) because MXenes relieve the volume size of the electrode,
enhance the electronic conductivity, diffusion kinetics of large size ions in electrodes suppress the
dendrite growth, uniform plating and impeding the “shuttle effect” of soluble species [24]. MXenes have
high electrochemical activity, a high young’s modulus, functionalized surface, large surface area, and
low transportation energy barrier resulting in excellent flexibility, superior physiochemical properties,
and high thermal and electronic conductivity. Until now, almost 100 MXenes have been predicted
theoretically and 30 MXenes prepared by experimental techniques, which are useful for numerous
applications. The electrochemical energy storage efficiency of MXenes is directly related to their
structural, electronic, and chemical properties [25].
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Fig.2a Derived pristine MXene nanosheet and Structures of Max phases. Fig.2b Schematic MAX
phases crystal structure of MoAX, MsAXo, and MsAX3, Red atoms represent a layer of A group that
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will be removed by the etching methodology. C) Illustrate the schematic representation of obtained
MXene after the etching process. Surface Terminations T is denoted by yellow atoms.

Fig.2a represents that MXene essentially obtained from My.+1AX,, which is MAX precursor. As today
MXene family include (Tios, Nbos)2C, Ti2C, TisCz, V2C, TisCN, TasCz and (Vos, Cros). Fig.2 b-c
Mi+1AXn phases value of changes from 1 to 3, and single MXene sheets of M»X consist of 3 atomic
layers, MsX3 consist of 5 atomic layers, and M4X3 consist of 7 atomic layers [26].
In all phases, MXene layer thickness is less than 1 nm, and lateral dimensions reach up to tens of microns
[27]. M2X, M atoms have a hexagonal closed-packed structure, while in M3X; and MXs, M atoms have
a centred cubic structure.
2.1 Significance of MXenes for next-generation rechargeable batteries
In the past decade, the consumption of fossil fuels was widely discussed to overcome the energy crisis.
As a result, various renewable energy sources, including solar cells, wind energy, and tidal energy, have
been discussed. Meanwhile, efficient energy storage materials are required on an urgent basis to store
electrochemical energy via electrochemical energy storage devices (EEDS). In this regards, various
rechargeable low-cost batteries based on metal ion electrode batteries e.g. aluminium, sodium,
magnesium, potassium metal electrodes batteries have been developed and showing similar potential as
LiB addressing the energy storage challenges, and specific role of MXene nanosheets as conductive
additive, current collector, and two-dimensional support of hybrid materials are summarized in Figure.3
[28].
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Fig.3 Schematic representation of MXene-based nanostructure metal ion batteries [29]
MXenes possess competitive chemical and structural properties than other 2D materials for secondary
batteries. The electrochemical properties of MXenes increased by combining with other nanomaterials
due to the synergistic effect. It’s crucial to mention that the cyclic stability and metal ion capacity of
modified MXenes are far better than the bare MXenes during charging and discharging [30]. MXene
catches the high attention of researchers due to its high electrical conductivity, which plays a significant
role in enhancing the transference of ions and electrons. The TisC,Tx shows electrical conductivity of
approximately 9880 S cm™ with 88 nm thinfilm thickness. Improving the electrochemical performance
of MXene (e.g., energy density, capacity, capacitance, and cyclic stability) of devices has attracted wide
attention to the properties of MXene-based electrodes (e.g., restacking, surface termination, and
electrical conductivity). Lithium ion batteries (LIBs), sodium ion batteries (SIBs), and lithium sulphur
batteries (LISBs) are major devices where MXene electrodes are widely employed. MXene electrodes
are widely focused on lithium-ion batteries, although MXene applications are also developing on other
secondary batteries, e.g., Zinc, aluminum, sodium, potassium [31], and magnesium ion batteries (ZIBs,
AlIBs, SIBs, PIBs, MIBs). MXene can deliver excellent cyclic stability and performance in LIBs due to
the low diffusion barrier of lithium ions, low operating voltage (-0.2 to 0.6 V vs Li/Li*), and high
electrical conductivity. Theoretically, MXenes are expected to show higher specific capacity, however,
experimental results fall down these predicted values. For example, the specific capacity of V.CTx as
a Lithium ion battery electrode calculated theoretically was high as high as 940 mA hg? , but the
experimentally measured value was just 252 mA h g, also, columbic efficiency (CE) was also low.
This unsatisfactory performance was due to restacking of MXene nanosheets during synthesis process
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and testing and attached terminations on MXene surfaces, which consume Li ions part, resulting into
low CE [32].
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Fig.4 MXene-based composite for a) Lithium ion batteries b) Sodium ion batteries c) Potassium ion
batteries Ref a. [167] b.164 c. [33]
Table 1 discusses the performances of MXene-based materials in LIBs, NIBs, and KIBs. [201]

Battery type Material Specific capacity Ref.
(mAh-g™?)
TisC 123.6 mAhg '@ 1C 184
V2CTx 260 mAhg '@ 1C 34
Fes04@ TisCaTx 747.4mAhg '@ 1C 34
TisC2Tx/NiC0204 1330 mAhg '@ 0.1C 35
Lithium rGO/TisC2Tx 221 mAhg ! @ 50 34
SnS/TisCaTx 4128 mAhg ! @ 100 36
MoS2/TizCaTx 656 mAh g~ @ 50 37
Nb2CTx/CNT 170mAhg ! @ 1C 37
Hf3C2Tx 90 mMAhg ! @ 10 mAg— 1 38
V2CTx 22 mAh gt @ 20C 39
Na-ion TisCaTx/FeS 563mAhg-1@0.1 Ag™! 40
Battery TisCaTx/VO2 280.9mAhg'@0.1 Ag*
TisC2Tx/Sh203 472mAhg'@0.1 Ag *
TisC2Tx/TiO2 153mAhg*@0.6 Ag?
TisCNTx 90mAhg'@0.01 Ag?
MoSe2/MXene@C 350mAhg1@0.1 Ag?
TisC2Tx/Mo0S2 290.7mAhg@0.05 Ag*
TisC2-Derived 105mAhg*@0.1 Ag?
K-ion Potassium  Titanate
Battery NRs

Lithium sulphur (Li-S) has a 5-fold energy density. Li-S battery is considered a promising candidate to
store energy for commercial applications beyond the current LiBs. Li-S has humerous advantages due
to its theoretical energy density (2600Wh kg ) and theoretical specific capacity (1675 mAhg™). A Major
limitation in Li-S batteries is the dissolution of polysulfide in electrolytes results in lithium polysulfide
(LPS). To overcome this challenge, various materials, including multiwall carbon nanotubes and
polyaniline nanofibers (e.g., MoS2/CNT, MgBO2(OH)/CNT, PANINF/MWCNT), are developed, which
behave as functional separators. Nuo Li et al.. applied an ultralightweight modified separator on the Li-
S battery consisting of TisC.Tx/CNTs 10%PP (Polypropylene) with 0.016 mg cm? mass loading
resulted into improve the movement of Lithium ions. Although Li-S batteries have excellent reversible
capacity and stability among numerous storage devices [41].

Recently, rechargeable batteries based on 2D anode materials have shown high volumetric and
gravimetric energy densities. Single-type layered nanosheets of MXenes, transition metal dichalconides,
and Black phosphorous (With M=Ti, Mo, Nb, V, and X=C, N) are experimentally investigated, leading
to poor performance and rapid capacity fading. Pomerantseva et al. designed heterostructure 2D
materials by merging various 2D materials. Yierpan et al. found that LiBs and sodium ion batteries NIBs
have insufficient rate capability and energy density to satisfy customer demands. They thoroughly
investigated Li intercalation within the VVan Der Waals heterostructure MXenes/Graphene aiming their
potential applications in rechargeable batteries, for this propose monolayers of MXenes (M2C>X) where
M= (Ti, Sc, V and X=0H, O) have discussed, while in experimental investigation by mixing of TisC2Xx
with graphene resulted into highly enhanced mobility of hall carrier and electrical conductance and also
found that there are only two stable heterostructure based on graphene (TisC2Xx + Gr, V2CO,+Gr) for
Li intercalation based on 1) interlayer separation <0.5 A° and inplane lattice parameter <1% 2) Binding
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energies of Li atoms surpassing the bilayer graphene 3) Presence of Li atoms in cationic state due to
transfer of charge to host material. All the Li absorption sites are in 100% intercalation resulting in an
open circuit voltage of 1.49 v for Ti,CO, + Gr and 1.93 v for V,CO,+Gr, MXene + Gr have light weight
than the bare MXene, which offers superior energy storage density and high electrical conductivity
which is crucial for battery operation [42].

In past years, several batteries have attained huge attention, including aluminum-ion batteries,
magnesium-ion batteries, sodium-ion batteries, zinc-ion batteries, calcium-ion batteries, and iron-ion
batteries. In 2019, the Nobel Prize was awarded to LIBs due to their crucial role in society. However,
nowadays, sodium ion batteries have shown large potential in commercial energy storage due to their
similar electrochemical process with LIBs and cost-effectiveness [43]. Wang et al reinforced TizC,Tx
monolayer for Na intercalation and suggested that capacity of MXenes materials can be enhance due
increasing the interlayer spacing for Na-ion batteries [44]. Yu et al.. applied the first principle of the
swarm structure to determine the theoretical capacity of sodium storage for the single atomic layer in
2D material TiCs. Their results revealed that the 1278 mA.h/g theoretical capacity of TiCs for sodium
storage which was three times greater than the metal MXenes like TizC,, Ti.C which confirms that
electrochemical performance of Na ion batteries can be enhanced by increasing the content of carbon
within matrix stoichiometry and controlling the thickness of MXene [45]. Naguib et al. present that
TisCNTy as an electrode for K-ion batteries to enhance its storage capacity after observing that K* had
“pillar effect”. Wang et al. designed dendrite free, flexible Zn anode coated by MXene nylon fabric
(MXNY) as three-dimensional zinc deposition in situ forming a polydopamine (PDA) as solid
electrolyte interface (SEI) resulted into achieve long cyclic stability after 3000 h at current density of
0.5 mAcm2 for 0.5 mAcm2 and achieve 99.6% high columbic efficiency (CE) at current density of 10
mAcm2 for ImAhcm [46].

Fig.5 (a) Workmg mechanlsm of Na+, K+, Al+3, Mg+2, Ca+2 copy right permission 2014 [222]
American chemical society b) Ti3C2/CoSe2 process. Copy right permission [223] 2021, Elsevier c)
synthesis of Ti3C2Tx@C nanospheres. Copy right permission [224] 2019, The Royal Society of
Chemistry d) synthesis of TiVCTx and NCSe@TiVC heterostructure. Copy right permission [225],
2022, Willey-VCH e) Fabrication of perlihated MXene. Copy right permission [226], 2020, Wiley-
VCH
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Fig 6. illustrate the coating of MXNY on zinc anode deposition a) digital photograph b) SEM images
of MXNY c¢) Conductivity and mass loading of MXNY as function of coating time d) columbic
efficiency (CE) for ImAgh-1 at 5mAcm-2 e) and 2mAcm-2 f) CE at a current density for ImAgh-1 at
current density of 10mAcm-2 g) electrochemical impedance spectroscopy (EIS) of MXNY@Zn h)
linear polarization experiment i) MXNY@Zn with red and black PDA.

Xie et al. [222] reported that MXene based cathode will be highly efficient of MgIBs through
experimental and DFT analysis as shown in figure 5a. Liu et al. [223] synthesized Ti;C,/CoSe; by situ
salinization as cathode, which shows excellent performance of 75.7 mAhg? with cyclic stability for
MglIBs figure 5b. Fans et al. [47] suggest MXene/Carbon cathode for magnesium ion batteries, which
delivered outstanding cyclic stability with a high capacity of 198.7 mAhgas in figure 5c. Zhang et al.
[48] reported NiSe,-CoSe,@TiVCTx cathode to investigated the Mg* storage and resulted into
delivered a capacity of 136 mAhg™ after 500 cycle as shown figure 5d. Liu et al. [48] prepared a
Li*2/Mg*? hybrid battery using a cathode of prelithiated \V>C as in Figure 5e, which delivered a capacity
of 230 mAhg™.

MXNY coated electrode can be prepared by using the dip coating technique. Digital and SEM images
in Figure 6a, b show the distribution of MXene on the nylon fabric. Mass loading of MXene 2.2 mgcm’
2 using 3 times dip coating to reduce the MXNY resistance shown in figure 6¢c. In blank columbic
efficiency of 95.1% for 80 cycles for a capacity of 1 mA h cm at a current density of 5SmA c¢cm2 shown
in figure 6d. After the addition of PDA, 99.4% CE of MXene increased at a current density of 2mA h
cm2for 100 cycles, as shown in figure 6e. Stabilized MXNY CE 99% for 100 cycles with DA electrolyte
reaches to 94.8% for 30 cycles with blank electrolye. The current density for ImA h cm reaches up to
10 mA h cm?, CE 99.6% achieved with PDA SEI, which is better than blank electrolyte as shown in
figure 6f. Zinc deposited MXNY tested as electrode to get further insights of PDA SEI on zinc plating
and nucleation, ion transportation, symmetric cells and corrosion resistance and EIS with MXNY@Zn
with PDA SEI shows lower resistance approximately 105 Ohm than that of MXNY @Zn without PDA
SEI which can be attributed to reduce the interfacial side reaction [49].

Various features of MXene, e.g., unique layered structure, fast ion diffusion, low diffusion energy
barrier, high electrical conductivity, large number of surface functional groups, and large surface area,
enabled the remarkable performance of energy storage devices. These unique features of MXene address
the requirements of next-generation rechargeable batteries from LIBs for electric vehicles to emerging
alternatives such as Al*, Mg*, Zn*, Na*, and K* batteries, focusing on high safety and low-cost energy
storage solutions. Fig. 4a discusses the progress of MXene via in situ growth engineering in rechargeable
batteries. While Fig. 4b illustrates the MXene-based rechargeable battery research papers from 2016 to
2024 [50]. The increase in the popularity of electric vehicles enhances the demand for robust power
systems. Therefore, the development of MXene-based electrodes is important to enhance the energy
storage capacity and cyclic stability for next-generation rechargeable batteries.
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Fig 7. A) lllustrate the advancement in 2D MXene through situ growth engineering from 2011 to 2024
b) Depicts the number of research publications on 2D MXene for the development of Lithium ion,
Sodium ion, and potassium ion batteries.

3. Surface Functionalization of MXene

MXene Single layer and multilayer nanostructure can be synthesized using these three methods: 1)
chemical transformation, 2) bottom up methods (salt tempered growth and chemical vapor deposition),
and 3) top down method (Tailored etching of MAX and non-MAX phases) [51]. Moreover, MXene has
poor stability, low mechanical flexibility, and easy restacking, and poor water dispersibility due to the
presence of molecular oxygen [52]. Hence, to overcome these challenges, surface functionalization and
modification enhance the performance and stability of MXene. Covalent and non-covalent modification
used for surface functionalization of pristine MXene. There are three groups of covalent modification
[53]: i) those that contain a singe heteroatom [34], ii) those that are surface initiated by macromolecules
[54], and iii) those that involve acid halide, alkali metal hydroxide, acid anhydride, organic amines, and
epoxy compounds. A combination of electrostatic attraction, hydrogen bonding, and Vander Waals
forces give non-covalent surface modification [55].

There are various surface termination groups that enhance the electrochemical charge storage
performance. Common types of groups are -OH, -O, and -F, where -OH, -O provide stable
thermodynamic performance to batteries, and -F establishes the stable solid electrolyte interphase during
the electrochemical reactions in batteries. Xie et al. firstly reported that bare MXene and -O terminated
groups can be promising anode material for next-generation rechargeable batteries beyond lithium
batteries. Recently, Chen et al. developed Ti2NS; and Ti.CS; as potential anode material for Potassium
ion (K-ion) batteries. These sulfurized MXene predicted rapid kinetics and complete adsorption layers
for single MXene on both surfaces and shown high theoretical capacity of 381 mA.h/g and 390 mA.h/g
respectively [56]. Bao et al. prepared a sulfur-doped MXene (S-TisC,Tx) behave as a cathode in sodium-
sulfur batteries (RT Na-S). Sulfur-doped MXene has high surface areas and porous structure, and it
contains high loading sulfur up to 4.5 mg/cm? and indicates a high capacity of 822 mA.h/g for sodium
sulfur batteries while delivering 577 mA.h/g reversible capacity for 500 cylce at 2 C of current rate [57].
Nao et al. suggested F-rich terminations using organic solvents having NHsHF,, which dissociate into
NH.F, HF, and other polar solvents. Proposed F-rich TisC,Tx tested in Na-ion batteries with carbonate
electrolytes as anode material which shows double capacity than -O rich terminate [58].



Shahid Ashraf et al. Surface Engineering of MXene-Based....... 549

Sufurdoped MAX ~ Sulfur-dopedMXene  Porous §-Ti,C,T,/S

HJJ

Etching Sulfur Ioadmg
thmn; f

A Mk X

l‘illiﬁ‘ﬂ\ )HV\"AK‘M&

S QRO00A RO

MCSFOMN
0000600

(a)

o STICT, 5
NaS, s %
fon . i
;;;a Gog @ o T
A In-situ sulfur doping . §
c ”»;S:‘ X e §
0
“’o,,o s 0 - 0.0 02 0.4 06 08 1.0
G m& AAAD 0 it
o, I =
%y, X X‘“llﬁﬁ 7 100 =] SheTss
7, < g ) EreTCTs
(4 \
The precursors of MAX phase X ){5( Wg )& )‘v W § o ; | -
%{ Sulfur-doped MXene g PP EETTRS -y
& s\
v TICSFOANs 3 2
Bare MAX ° eeo00 = o

0 100200300 500 600
Temperature (*C)

Fig 8. Situ sulfur doping strategy to prepare S-doped MXene nanosheets, a) A Schematic
representation of Sulfur doping in MXene layer and chemical adsorption of sodium polysulphides on
MXene b) Nitrogen adsorption-desorption curve representing the specific area of S-TisC,Tx and bare

Ti3C,Tx ¢) TGA curve of S-TisC,Tx/S loaded with Sulfur. Reproduced with permission [59] copyright
2019, American Chemical Society d) Schematic catalytic effect of Co nanoparticle e) Cobalt
nanoparticle with MXene represented by TEM. Reproduced with permission copyright 2020, Royal
Society of chemistry f) Schematic representation of carbon-coated MoSe./MXene nanosheets g)
HRTEM schematic illustration of carbon-coated MoSez/MXene material. Reproduced with
permission. Copyright 2019, American Chemical Society.

Sulfur-doped MXene nanosheets (S-TisC,Tx) prepared by MAX precursor by doping S-heteroatom. S-
TisC,Tx was used as an electrode in sodium sulfur batteries with 4.5 mg cm with 577 mAh g* at 2C,
which is good electrochemical performance after 500 cycles [60]. Yunhai et al. prepared a two-
dimensional nitrogen dieselinide doped vanadium carbide composite (V4Cs@NiSe,) by V4AIC; using
louis acid molten salt through etching procedure and afterward calcinated with selenium, which allow
selenium to disintegrate into the procedure and enhance the energy density which enable [AICI4] ions
intercalation between layers which decrease the material loss during charging and discharging. Due to
the surface modification of selenium, V4Cs@NiSe, resulted in maintaining the stable capacity of 95
mAgh* initial capacity up to 636.8 mAgh* at 1 Ag™ after 2700 cycles, which resulted in exploring the

research towards industrialization of excellent performance rechargeable aluminium batteries [61].
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3.1 Strategies for chemical modification of MXene surfaces

MXene has become highlighted as a promising member of 2D materials because MXene possesses
plenty of functional groups, a large surface area, hydrophilicity, and high electrical conductivity,
showing great potential in energy storage applications, but their poor flexibility, restacking, oxidation,
and poor electrochemical performance are drawbacks of MXene [62]. To overcome these challenges,
researchers dedicated tremendous efforts to make functional MXene by various methods, such as
heteroatom-doping, polymer hybridization, organic molecule integration, and cation intercalation [63].
Heteroatom doping improves the conductivity of MXene, while cation intercalation and organic
molecule integration enhance the interlayer spacing, which improves key properties and performance of
MXene. Hybridizing MXene with Polymer induce the synergistic effect; also conductivity and
flexibility can be improved by introducing polymer components. Although functional MXene is a
prominent 2D material that enhances the physical and chemical properties of next-generation
rechargeable batteries and smart materials [64], Figure 9 discusses the various strategies of surface
modification with the help of MXene.

Surface modification
strategies

Fig.9 Strategies for MXene [65]

3.1.1 Heteroatom Doping

In MXene, heteroatom doping techniques is effective to induce a pseudocapacitance effect to enhance
the intercalation and electrochemical performance. Strategies involving Nitrogen (N), Phosphorus (P),
and Sulphur (S) are most commonly used due to their feasibility and efficiency to enhancing the
electrochemical properties for MXene and the electrochemically active area, energy storage capacity,
and catalytic performance of MXene-based materials [66]. N-doped MXene can be synthesized by using
solvothermal and hydrothermal methods with uniform distribution of nitrogen atoms on MXene. Liu et
al.. prepared N-doped TisC,Tx using the hydrothermal technique and use sodium dicyanamide (Nadca)
as a nitrogen source and intercalant, which enhanced the interlayer spacing from 1 nm to 1.26 nm [67],
as shown in Figure 10.

- &‘S&fg’fé
Ti,AIC _— TiyC,T, ._._(:f S

) Na-dca 3
— HF etching Hydrothermal
~ ’:9.
®oge \
LN O 1 SO
:;l S \‘{\\ &&" ‘%ﬁ# -o'é,,o ’:(:t ,
I‘l‘;\\.‘ . ;ol . 8 %

Fig.10 Schematic illustration of preparation TisC,Tx/NasTCM
Yang et al. [68] prepared N-dope TisC,Tx by adopting the solvothermal method using nitrogen source
monoethanolamine (MEA) and urea, which resulted in fast transportation of ions and diffusion of ions
due to an increase in interlayer spacing. Fan et al.. adopt an electrostatic self-assembly technique
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followed by an annealing process to prepare N-doped TisC,Tx ink using melamine formaldehyde (MF)
[69]. Song et al. also prepared N-doped TizC, Ty using sacrificing MF as a nitrogen source at 500 °C by
annealing technique in Ar atmosphere and used in lithium sulfur batteries (LSB) as cathode materials
which resulted into restrain the shuttle effect of polysulfide with 1325 m.A.h. g at 0.2 C storage capacity
and long-term cyclic stability (0.033% degradation per cycle at 2C over 1200 cycles) [70]. Yang et al..
improved N-doped TizC,Tx, which enhances the volumetric capacitance of materials, which encourages
its potential for numerous ion storage applications [71]. Sun et al.. synthesized S-doped TisC,Tx by
soaking in a solution of Na,S for 48 hours. Na+ pillar presented in between interlayer of S-doped
TisC2Tx which resulted to enhance the interlayer spacing from 1nm to 1.1nm and increase diffusion of
ions and schematic illustration discussed in Figure.11 [71].

MXene Decorated MXene

QO Al OrTi ® Na © OH eC (WS

Fig. 11 Schematic illustration of S-doped MXene [72]

Zhang et al. prepared Pt doped MO, TiC,0,-Ptsa having vacancies of molybdenum, which enhance the
alteration of reaction kinetics and charge transfer [73]. Wang et al used boron-carbon-nitrogen nanotubes
(BCN) with cobalt doping onto TiCN to prepare a cathode TICN-BCN-CO for zinc air batteries which
provide oxygen reduction reaction (ORR) resulted into high average capacity of 701 mA.h/g with stable
cycling of 200 hours [74]. Yang et al. prepared TisC,Tx/rGO doped with cobalt (MG-CQO) nanoparticles
for sulfur cathode Fig 8d-e [207, 208], which resulted in high specific capacity of 705 mA.h/g at 0.1 C
with a reversible capacity of 360 mA.h/g after 200 cycles at 0.5 C [75].
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Fig.12 Schematic representation of sodium polysulfides of MG-Co@S composite during charging and
discharging mechanism [76]

3.1.2 Cations or Molecule Intercalation

This method improves the capacity of energy storage with an increase in active sites, also enhancing the
electrochemical performance. Lukatskaya et al. [77] increase the interlayer spacing by intercalation of
numerous ions (Li+, Na+, K*, Mg*, NH.*, AI**) simultaneously on TisC,Tx. The interlayer spacing
increases up to 0.5 °A when immersed in an alkali hydroxide solution, while 1°A increase in interlayer
spacing of TiCsTx immersed into neutral sulfate solution and remain neutral in acidic solution.
Moreover, in an alkaline solution of NaOH, KOH TiC3sTx shows a volumetric capacity of 350 F/cm?, Li
etal. [78] proposed strategies of surface modification and cation intercalation to enhance the gravimetric
capacitance of TisC,Tx. The F-groups of TizC, Ty are substituted by the -OH group after treatment with
KOH at 400 °C, leaving Ti-active sites and removing surface terminal groups and showing gravimetric
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capacitance 517 F/g at 1 mV/s (cyclic stability 99% over 10,000 cycles). Mashtalir et al.. [79]
intercalated N2H4 on TisC,Tx into 1g/mol electrolyte of H,SO4, resulting in volumetric capacitance 250
F/cm?® and gravimetric capacitance 215 F/cm®. Luo et al. prepared Sn*2 and intercalated with pristine
MXene to obtain a pillared TisC, MXene matrix with cetyl-trimethylammonium bromide (CTAB), then
intercalated by Sn*2 ion exchange with CTA* to modify the MXene interlayer space [209], also
intercalated Sulfur on TizC, (CT-S@TisCz) with the same idea [80]. Luo et al.. found that the interlayer
space of TisC,Tx with CTAB is 177% greater (2.708) than the pristine MXene with interlayer space
(0.977 nm) [81]. Li et al. suggested partial sulfur doping on the surface of TisC, MXene by HF etching
TisAlC; using thiourea as a sulfur source, which shows excellent stability as an anode in Na-ion batteries
[82]. Han et al. proposed the sh/p-TizC,Tx anode for sodium ion batteries by Sb ultrafine nanoparticles
doping onto the few-layered MXene nanosheets (f-TisC.Tx), where Sh/pTisC,Tx enhanced the
conductivity and structural stability, and Ti-O-Sb has shown strong chemical bonding. Therefore, Na-
ion batteries significantly enhanced their cyclic stability 350.6 mA.h/g with retention capacity at 50
mA.h/g after 100 cycles [83].

3.2 Impact of surface functional groups on electrochemical performance

Until now, MXene without surface termination groups has remained undiscovered. Computational
research on MXene highlights the significance of surface functional groups and their impacts on
stability, physiochemical characteristics, and electronic properties [84]. MXene surfaces commonly
dispersed with mixed functional groups [85]. Scattering of neutrons on TisC,Tm specify the van der
Waals interaction between -F and -O and indicate the hydrogen bonding between -F, -O, and -OH, and
stable solid electrolyte interphase (SEI) established by the -F termination while stability and
thermodynamic performance of rechargeable batteries improved by -O and -OH groups [86]. Lewis
etching salt method could be helpful to obtain -Cl, Br termination for future MXene application and
enhance the surface modification. Therefore, meticulous surface modification of MXene-based
nanocomposites is crucial for understanding their surface properties and reaction rules [87]. As MXene
synthesis reaction conducted in HF solution to remove Al atomic layer which react with HF solution
and various functional groups termination occur on MXene surface so they denoted as Tx. Nuclear
Magnetic Resonance (NMR) spectroscopy was used to analyze surface termination of MXene [88].
Quantitative NMR suggests that -OH functional groups are less than -O, -F, while quantitative NMR
confirms that there is a connection between -OH and -F. Karlsson et al [89] and Wang et al [90]
demonstrated that there is no specific connection between -O and -F but they are distributed between
Titanium atoms. Quantification of functional groups analysed by XPS and FTIR used to distinguish -
OH, -0, -F terminations [91]. The surface termination chemical state can be identified by XAS, scanning
probe microscopy, and surface morphology, while additional sensitivity of the surface is identified by
ToF-SIMS. Energy dispersive x-ray spectroscopy, paired with electron microscopy, was used for surface
guantification, while thermally liable quantification was analysed by TGA. As a result, functional groups
have a great impact on MXene surface electronic properties, electrochemical properties, and mechanical
properties [92].

3.2 Surface Coating and Thinfilm on MXene

MXene's inherent high electrical conductivity, coupled with 2D materials when delaminated into single
flakes, renders them highly promising for thin-film applications. Dillon et al [93] prepared TisC> spin
cast thin films with a thickness less than 100nm, which shown bulk conductivity of 6500 S/cm.
Sarycheva et el. [94] have shown bulk conductivity of 10000 S/cm with sprayed micron-thick films.
MXene have the capability of conversion into aqueous solution due to their termination groups (-O, -
OH, -F) which allow the fabrication of thin-film by dip coating, spray coating, and spin coating and
micrometre-thick film by vacuum filtration [95].

3.3 Deposition techniques for conformal surface coatings

Deposition of solid-state MXene films ranging from nanometre to micrometre with MXene colloidal
dispersion necessary for practical applications. Coating techniques refer to attaching MXenes to
different substrates, which have numerous functional properties. The electrostatic interaction of MXene
ensures the conformal coating on a flexible substrate and the deformability of MXene. Various printing
and coating techniques have been reported to achieve MXene thin films. In Printing techniques, 3D
printing and ink jet printing are known as digital printing techniques, while transfer printing and screen
printing are non-digital printing techniques. MXene patterns can be obtained out of its dispersion with
various coating techniques such as spray coating [96], dip coating [97], spin coating [98], Meyer-rod
coating, vacuum filtration, and laser printing, which have different properties of scalability and
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resolution. Each method has its limitation when fabricated ultrathin films with a thickness of 10nm on
anticipated substrate. The spin coating method up to thousands of rpm formed a uniform thickness, high
transmittance ultrathin MXene suitable for flexible energy storage devices [99]. The blade coating
method is used in the preparation of MXene thin films by adjusting the blade height to obtain
submicrometric to tens of micrometre thickness with strong toughness thin films, which can be utilized
at large-scale fabrication [100]. As spray coating produces films with various surface morphologies, it
has poor flake interconnectivity and low conductivity. While spin coating produces excellent flake
interconnectivity and high conductivity in a film with a thickness under 10nm, which requires high
concentration of MXene (over 2mg/mL), it should be performed on flat surface [101]. Kim et al..
fabricated highly conductive TisC, MXene thin films with thickness under 10nm, including but not
limited to conformal thickness of films on cylindrical substrate [102].

3.4 Role of surface coatings in enhancing stability and charge transport

Surface coating can increase the stability, electronic, chemical structural properties, and ion conductivity
of MXene-based electrodes. Coating of MXene with the hydrothermal technique may not be a suitable
choice because MXene is disposed to structural degradation and oxidation. But hydrothermal treatment
prepares TiO2 and free carbon on MXene nanosheets; therefore a low-temperature atomic layer
deposition technique is used to deposit oxides on MXene [103]. Bilal et al. perform MXene surface
coating with atomic layer deposition techniques with SnO; and HfO- on copper foil up to a thickness of
100 um with doctor blade coating that completely covered the MXene surface. SnO,/MXene anode
coated with HfO, shows stable specific capacity of 843 mAh/g as shown in Figure. 13 [104].
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Fig. 13 Schematic illustration of SnO, deposition on TisC, MXene sheets by various strategies [105]
Carbonaceous materials are applied for the surface coating of MXene due to their low cost, accessibility,
high conductivity, and electrochemical stability. Huang et al. prepared MoSe,/MXene@C anode for
potassium ion (K-ion) batteries, which provide high capacity retention mA.h/g after 100 cycles at 200
mAJ/g. Carbon coating maintained the surface morphology of the MXene-based anode, which improved
the rate capability, cyclic capability, and specific high capacity [106]. Yao et al.. studied that coating of
ZrO; on LiCoO; could enhance the retention capacity to 82.5% after 100 cycles [107]. Zhang et al..
demonstrated one pot etching strategy coated fluorine-free TisC,Tx cathode using hierarchical porous
N-doped carbon (HPNC) which confine solubility of polysulfide, redox reaction and improve the
binding energy and reduce shuttle effect. This new design of surface coating engineering improved the
electrochemical performance of MXene at room temperature based on the S/Se cathode [108]. Hao wang
et al synthesized 3D SCNT@M Xene cages to overcome the satisfactory performance of LIS battery and
its slow reaction kinetics and poor utilization of lithium cathode at high current densities. The porous
3D SCNT@MXene cages enhance the electron transportation, sulfur conductivity, and insoluble Li.S,
accommodation sulfur swelling, and electrolyte infiltration. Moreover, it improves the lithium-ion
diffusion and restacking of MXene. SCNT@MXene cathode shows an initial capacity 1365.1 mA.h/g
at 0.1 C and high performance (910.3 mAh/g at 1.0 C, 557.3 mAh/g at 8.0 C respectively). However, at
a large current density of 6.0 C, the electrode transports 0.057% capacity decay per cycle over 700
cycles. SCNT@MXene cathode cage increases the electrochemical performance of Li- S batteries at
high current density. Mallick et al. reported that in zinc ion batteries (ZIBs), cathode dissolution is a
major problem. To overcome this issue, a surface coating strategy was adopted to prevent cathode
dissolution in aqueous rechargeable batteries. The cyclic stability of manganese-based cathode material
(MnOy) coated with conducting polymer, carbon, and scroll graphene not only prevents cathode
dissolution but also enhances the charge storage performance. a-MnO; coated with scroll graphene has
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shown a capacity of 94% at 3 Ag after 3000 cycles, while ZIBs have good stability without capacity
decay at 0.4 Ag? of 2000 cycles [108]. Kundu et al. reported for the first time the water pillared
vanadium pentoxide, Zn*2 (Zno 2sV20s.nH;0) as cathode for zinc ion batteries and achieve 80% retention
capacity after 1000 cycle for specific capacity of 300mAhg™ [219]. Coating V.0s with Poly (3,4-
ethlylene dioxythiophene), also known as PEDOT, resulted in achieving 232 mAhg* at 20 Ag? high
capability rate, and due to synergistic of PEDOT, V205 nanosheet achieve excellent cyclic stability after
1000 cycle with 89% retention at 5 Ag™ [109]. Li et al coated zinc (Zn) anode with copper modified
TisC2Cl; (Cu-MXene) utilizing the properties of hydrophobic and zincophilic which resulted into
enhance the energy storage based on metal anodes, moreover it shows high improve cyclic stability over
1000 hours and excellent coulombic efficiency for 1100 cycles over 99.6% signifying the high stability
of Zn stripping [110]. Zhang et al developed TisCNTx (MX-N) and Si/Ti;C,Tx (MX-C) to fabricate Li-
ion batteries electrodes using graphene raped silicon (Gr-Si) and nanoscale silicon powders (nSi) mixed
with dispersed MXene to form a non-viscous slurry and coated on Cu foil without carbon black
Figure.14-a. Graphene raped silicon coated electrode have thickness of 2100pum and nanoscale silicon
powders coated electrode have thickness of 650um indicating massive loading, and process of
evaporation shown in Figure 14-b. These nanosheets enhance the electrical and mechanical properties
of MXene. The performance of batteries can be improved by adding 30% of MXene into silicon powder
to increase the electrical conductivity of nSi/MX-N (336 S m™?), nSi/MX-C (3448 Sm™?), and Gr-Si/MX-
C (5333 S m), respectively. Furthermore, composite electrodes can maintain excellent mechanical
flexibility and electrical conductivity in flexible and wearable electronics. In Figure.14-C, anode of
nSi/MX-C represent high stability up to 280 cycle charge/discharge and shows high columbic efficiency.
In Figure.14-D Gr-Si/MX-C, nSi/MX-C electrode delivered of 815 mAhg™ 790 mA h g-1 with the mass
loading 13 mg cm respectively [111].
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Fig.14-D Gr-Si/MX-C, nSi/MX-C electrode delivered of 815 mAhg™ 790 mA h g-1
4. Surface Doping and Heteroatom Incorporation in MXenes

Pristine MXenes have large resistance, inevitable restacking, poor stability in atmospheric oxygen, and
low flexibility. To overcome these drawbacks of pristine MXenes, it is crucial to use elemental doping
strategies to optimize the electronic, optical, and magnetic properties. Generally, heteroatom content
termed as substituted ones doped at very low levels (<=1%) and known as hetero-doped MXenes due to
incorporation of heteroatoms [112].
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4.1 Methods for introducing dopants and heteroatoms into MXene structures

Heteroatoms MXenes can be classified into two categories, namely in-situ and ex-situ strategies, depend
upon characteristics of dopant where presynthesis of doped MAX phase require in situ strategy while
postmodification of as-synthesized MXene require in ex-situ strategy [84]. Notably, doping strategies
efficient increase the performance of numerous rechargeable batteries including Zn-ion, K-ion, Na-ion,
Li-ion, Na-S, Li-S, Zn-air batteries [113]. Nitrogen doping can be done in both in-situ and ex-situ
strategy but it is very hard to fabricate nitride MXene via wet-etching technique due to high production
of energy and less stability of M-N bond. In 2012 Naguib firstly reported the fabrication of nitride doping
using TisAICN by heating at 1500°C for 2 hours and obtained an MsC,.xAlINy by varying the ratio of
N/C in MAX phase. Yang et al. utilized vacuum atmospheric sintering technique to prepare
TisAlC18No2 with the mixture of Ti, Al, TiN, TiC with ratio 1.0:1.2:0.2:1.8. Tang et al. prepared
TisAlC16No.4 With vacuum sintering strategy. MsC2.xNx can be prepared by a simple wet etching
strategy by varying N/C ratio. Deng et al. studied that MXene-based inks can be obtained by introducing
cation-induced gelatine [114]. Yu et al. developed composite inks of N-doped crumpled MXene for
printable electrochemical energy storage. Controlled thickness binding-free and highly viscous inks can
be obtained by mixing graphene oxide (GO) and activated carbon and carbon nanotubes (CNTSs) with
N-doped MXene [115]. Heteroatom doping is a powerful technique to tune the surface chemistry and
bandgap of MXene. Mo doped MO, TiC,Tx delivered a higher capacity of 269 mAh/g than single metal
TiC,Tx, TiCsTxat 0.1 C. Nitrogen dope MXene NbC,Ty has excellent cyclic stability and a high capacity
of 360 mAh/g [115]. Multilayer V.C MXene doped with Co*? ions and delivered a high capacity of
1173 mAh/g at 0.1 Ag™. There are various strategies of heteroatom doping, however, to improve the
performance of MXene next-generation batteries, it is highly required to adopt new and controllable
strategies [116].

Intercalat .
) ion Interlayer spacing
Intercalation Materials agent Methods (Temperature/C) (nm) added value | ot
agent types (Ad)
precursor
s Afler
intercalation
N-TizC2Tx NH3 Precursor intercalation and | 1.23 0.27 117
Heteroatoms annealing (200C)
(N.S) CT- : :
S@TisCs S Precurgor intercalation and | 1.37 0.39 118
annealing (450C)
LiOH,Na
. . Multilayer OH,
Alkali metal fons TisCz KOH,Mg | Liquid phase intercalation 1.25 0.23 119
SO4 (RT)
PVP-
Sn(IV)@Tis | SnCls Liquid phase pre-pillaring and | 1.28 0.3 119
C2 pillaring (RT)
Metal ions
(Sn4+,  Co2+, | V2C@Co g((g()CHSC Liquid phase pre-pillaring and | 0.95 0.21 118
Sn2+) 2 pillaring (RT)
CT-
Sn(I)@Tis | SnClz2 Liquid phase pre-pillaring and | 1.9 0.92 120
C2 pillaring (40 °C)
TisCTx/M
WCNT MWCNT Lay-by-layer assembly (RT) 142 0.21 121
1D/2D MXene- GO Electrostatic  self-assembly 167 0.36 122
nanomaterials rGO (RT) —
M0Sa-in- Precursor mixing and
TisCy MoS: annealing 1.22 0.26 120
(500°C)

Table.2 The comparison of various MXene with interlaying spacing [120]
4.1.1 Effects of surface doping on electrochemical properties and reaction kinetics
Chemical surface doping enhances the electrochemical stability and performance of MXene. The
interlayer gap in MXene can be changed by adding various intercalants. The electric double layer formed
on MXene/electrolyte due to the large surface area of -OH function groups and -F terminations, which
not allow desorption and adsorption of ions (e.g Na*, Li", K%) resulted in enhancing the
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pseudocapacitance from Fredric redox reaction [121]. MXene doped with transition metals Ti, V, Mo
undergoes a reversible redox reaction, leading to improved charge storage capacity [122]. MXene
displays high electrical conductivity, which improves the transfer rate of electrons in batteries, while ion
intercalation enhances the storage capacity and cyclic stability. Modification in MXene, such as
hybridization, functionalization, and composite formation, increases electrochemical performance.
Hybrid composite doped with MXene to improve the charge storage capacity and rate capability.
Surface functionalization changes the wettability and electrical properties of MXene [123]. Heteroatom
doping resolves the stacking issues in MXene. One crucial role of MXene is to enhance oxygen
reduction and evolution reactions in metal-air batteries and fuel cells, leading to improved energy
conversion efficiency. MXene-based batteries have the potential to develop next-generation energy
storage with a longer life cycle and higher stability [124]. Doping heteroatoms N, S and metallic atoms
into conductive hosts significantly improves the electrical conductivity and catalytic effect of MXene
and supports chemical adsorption of the LiPSs. Zn doped MXene/S electrode with 89 wt% shows the
capacity of 706 mAgh-1 at 1 C after 400 cycles much superior to S@MXene. The electrochemical
performance to Li-S batteries can be enhanced by N, S doping. N-doped MXene/S electrode with 64
Wt% delivers a capacity of 1072 mAgh™ at 0.5C and a capability rate [125].

5. Surface Roughening and Nanostructuring of MXenes

MXene possesses unique characteristics of graphene and graphene oxide, and also MXene has
mechanical flexibility and lithium transport, due to which MXene is considered ideal 2D material for
energy storage. The hybridization of MXene nanosheets with transition metal oxide (TMO) is well-
defined and designed to discuss the unique properties. Nanostructured MXene behaves as an underlying
substrate, facilitates the reverse transportation of electrons and ions at the interface, and preserves the
area on MXene nanosheets. Moreover, they improve the electrochemical properties, extra active sites,
and short diffusion of lithium. The porous structure of MXene has significance in improving ion
diffusion in electrodes. There are various strategies to develop nanostructure MXene-based electrodes.
51 Techniques for Creating Hierarchical Surface Morphologies

Like 2D Material, in an electrochemical reaction, MXene nanosheets agglomerated and restacked
through hydrogen bonding and vander Waals interaction. Agglomerated MXene nanosheets restrict the
electrode-electrolyte-gas-triple-phase interface, limiting accessibility and ion exchange. This restriction
impedes the advancement and utilization of MXene-based materials in electrolysis [126]. Moreover, the
addition of an intercalant in the development of MXene hierarchical structure through assembling
nanosheets, including 3-D microporous structure, MXene aerogel [127], crumbled nanosheets, and 3-D
fluffy architectures, fulfills the requirements to solve the abovementioned issues. Gogotsi et al. designed
TisC, MXene with a wall thickness diameter of 1-2 um, which reduces the ion transport lengths [128].
Wang et al designed TisC, crumbled N-doped MXene (N-TisC;) using facile one step strategy via
thermal annealing of positive charged melamine and negatively charged TizC, MXene. The crumbled
N-TisC; have ideal polysulfide adsorption characteristics, high surface area, and high reversible capacity
of 1144 mAh/g at 0.2 C (1 C = 1673 mA/g), 770 mAh/g at 2 C [118]. Yang et al. adopted a technique
of facile self-assembly to design 3-D MXene hydrogel in the presence of Ethylenediamine (EDA) and
graphene oxide (GO) [119]. The obtained gelatine has a high surface area, 3-D conductive framework,
high robustness, and good process ability, which proved as a flexible host with hierarchical hybrid
nanostructure for energy storage and conversion [129].

This shortcoming causes to degrades the performance of MXene-based electrodes in batteries due to
decreased surface area and electronic and ionic transportation towards electrodes. Recently, several
studies have focused on a combination of TMO (Fe,Os, MnO,) on the outer surface of stacked MXene
thick-films, leaving a substantial fraction of MXene surface area unutilized [130]. MXene contains
functional groups such as -O, -OH, and -F, which provide good solubility to dissolve in solvents like N,
Ndimethylformaldehyde, dimethyl sulfoxide, acetone, ethanol, and water. Liu et al reported VVander
Waal interaction route to assemble the TMO on surface of MXene (TisC2) which was first study to
decorate TMO including SnO, nanowires and TiO, nanorods on individual MXene surface where
MXene nanosheets facilitate the reverse transportation of ions and electrons and prevent the TMO
nanostructure from coalescing during the lithiation and delithiation. In the Vander Waal interaction
route, MXene mixed with nanostructures of TMO and tetrahydrofuran (THF), which resulted in
assembled TMO nanostructures forming micelle-like heterostructure on the surface of MXene.
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However, results revealed that SnO./MXene and TiO2/MXene heterostructure exhibited high rate
performance without electrolytic optimization and surface encapsulation and may be ideal candidates
for next generation high-energy and high-power lithium-ion batteries [131]. TiO. nanorods and SnO;
nanowires assembling over MXene nanosheets are represented in Figure. 15

MXene in THF vdW Assembly SnO,/MXene heterostructures

Figure.15 Schematic diagram of assembling TiO, nanorods and SnO; nanowires MXene nanosheets in
THF via Vander Waals Interaction [132].

5.2 Impact of nanostructured surfaces on energy storage performance

Recent studies provide overview on MXene nanostructure (MXene/0-D, MXene/1-D, MXene/2-D) for
diversified metal ion batteries (MIBs) from lithium ion batteries (LIBs), sulfur ion batteries (SIBs) to
various new type of batteries such as potassium ion batteries (PIBs), magnesium ion batteries (MglBs),
zinc ion batteries (ZnIBs), calcium ion batteries (CIBs) which consist of loaded, encapsulated,
sandwiched model are first classified models for MXenes highlighted the advance hybrid electrodes
which improve the structure stability, optimize the transfer of ions/electrons and resolve the major
challenges in advancement of MIBs. The electrochemical performance of MXene depends upon the
micro and nanostructure of MXene (interlayer, spacing, pores), functional groups (-O, -OH, -F), and
chemical components (type of M, X, and dopant material). The common vapor deposition method
(CVD) proved to be an excellent strategy to fabricate high-quality of MXene nanostructured films [133].
MXene has been utilized to develop advanced nanostructure for electrochemical energy storage and
improve the performance of lithium sulfur batteries, electrolysis, and (Li*, Na*, K*) metal ion batteries
(MIBs) [134]. The Typical nanostructure with 1-D, such as nanotubes, nanowires, nanobelts, and
nanorods attracted attention due to their properties and potential application in scientific research [135].
Xiao et al.. used a hydrothermal and electrostatically driven method to design TisC,Tx/Cds by growing
Cds nanorods on the surface of ultrathin TisC,Tx nanosheets, and EDS results revealed good integration
and short heterostructure confinement of 2D TisC,T,/Cds than 1-D Cds [136]. Lin et al.. used radio
frequency plasma molecular beam epitaxy (MBE) to develop 1D MXene/InGaN nanorod
heterostructure on Si substrate and MXene TisC,Tx films [137]. Moreover, Gogotsi et al.. developed a
sandwich-like heterostructure of TisC,Tx/CNT by alternating filtration of CNT, which possess ordered
structure [138]. These heterostructures have the advantage of 1-D nanostructures and 2-D MXene to
improve the performance of MXene in energy storage applications due to the synergistic effect [139].
Cui et al. designed 2-D MXene nanosheet heterostructure of Nb.CT,/Bi:WOs by adopting the facile
hydrothermal technique. A variety of hierarchical nanostructure 2-D MXene have been developed to
enhance the performance and satisfy the requirements of batteries and energy storage applications [113].
Yu et al. designed 2-D MXene TizC,Tx/rGO composite aerogel with a 3-D hierarchical nanostructure
by adopting an ice template strategy. TisC,Tx/rGO have a large surface area of MXene and rGO, high
conductivity of MXene which prevent poor restacking of MXene and also resist poor oxidization of
MXene [140].

Wang et al. reported green and facile synthesis of S-CNTs MXene to assemble micro-cages which can
be used in Li-S batteries as cathode material, and resulted into enhance the current density, cyclic
stability and improve the storage capacity. S-CNTs were prepared with sulfur diameter 5-8nm in situ
synthesized on the CNTs surface, then MXene nanosheets of ultrathin TisC,Tx wraped around S-CNTS
to form 3D S-CNTs hollow microsphere cages and behave as cathode material in Batteries. S-CNTs
microsphere hollow cages improve electron/ion transfer, enhance the reaction kinetics, avoid the shuttle
effect of lithium polysulfides (LiPSs), and control empty spaces within the microsphere cages. S-CNTs
delivered excellent current density (557.3, 910.3 mAhg™ at 8.0 and 1.0 C respectively), high specific
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capacity of 1375.1 mAh? at 1.0 C. Significantly, electrodes attained high capacity of 645.5 mAhg* at
4.0 C after 150 cycles at a retention of 656.3 mAhg™. Furthermore, over 700 cycles at a large current
density electrode decay 0.057% capacity decay per cycle. LiS batteries microsphere cathode cages can
enhance the electrochemical storage performance at high current densities and at fast charge discharge
energy storage systems [141].

6. Surface Passivation and Interface Engineering in MXene Electrodes

MXene electrodes attracted considerable attention as electrode materials to improve the electrochemical
performance of batteries, long-time operation stability, high power, fast charging capabilities, and high
energy densities. There are a variety of MXene compositions that show unique capabilities and
characteristics for energy storage [142]. MXene electrode formation occurs via fradric and non-fradric
processes when interacting with the electrolyte solution. Moreover, in MXene, the charge storage
mechanism depends upon the surface chemistry and their morphology [142]. Das et al. demonstrated
that surface engineering plays a significant role in enhancing charge storage capacities and improving
functional properties of MXene [143].

6.1 Strategies for stabilizing MXene surfaces and electrode-electrolyte interfaces
Chemical modification is a promising strategy to improve the stability of MXene and control the surface
properties of materials. Jingjing et al. modified TisC,Tx by co-polycondensation of hydroxyl groups and
hydrolysis of silane and obtained 3-Aminopropy triethoxysilane functioned MXene (APTES-MXene).
Obtained APTES-MXene transform nanosheets of MXene into thermodynamically stable metal oxides,
which demonstrated functional MXene have grafted coatings with surface characteristics from
hydrophobic and hydrophilic, also enhanced stability of MXene [144]. Kim et al. demonstrated stable
dispersion of TisC,Tx using deep eutectic solvent (DEESs) and dispersion strategy, which prevent
MXene nanosheets from oxidation in aqueous and dried state. Fabrication of MXene with assisted
MXene is simple and low cost. Moreover, DEEs enhance the electrochemical stability of MXene
nanosheets due to hydrogen and surface passivation [145]. Zhao et al.. used a facile strategy to improve
the surface stability of MXene (TisC.Tx) by chemical modification of copper (Cu) foam on TisC,Tx
nanosheets and obtained a 3d collector (MXene@CF) fabricated on a dendrite-free lithium anode.
MXene@Cf demonstrated better cyclic stability than bare Cu-foam-based fuel cells, and this strategy
improved the lithium deposition. Moreover, termination groups of fluorine in MXene contributed to
forming the stable solid electrolyte interphase (SEI); therefore, MXene@CF preserved the 98%
columbic efficiency 1 mA cm2 after 200 cycles and worked up to 1000 hours without any fluctuation
in intense voltage [146].

Sun et al. developed low-cost, dendrite-free metal batteries by studying the mechanism of MXene
(TisC,Tx) in an aqueous electrolyte on a zinc (Zn) electrode with the formation of MXene film on the
surface of Zn foil. MXene film becomes denser and denser with adding more concentration of MXene.
After soaking for 4 hours, electrolytes of MXene-ZSO 0.02, MXene-ZSO 0.05, and MXene-ZSO 0.1
show the thickness of 0.3, 0.5, and 1.0 um. Results revealed that MXene absorbed on Zn foil in ZSO
electrolyte demonstrated the columbic efficiency of 99.7% and excellent reversibility up to 1180 cycles
at 2 mA c¢cm2. However, the fabrication of MXene-added Zn-V,0s electrolytes revealed the cyclic
stability up to 300 cycles, high specific capacity 326.4 mAhg™ at 1 Ag™ and high rater capability of
190.5 mAhgtat 4 Ag?[147] [148]. Qiao et al. designed a Zn//KMO/TisC; battery by employing an
MXene skeleton (TisC,Tx) attached with electrolyte K,SO4 to improve the cathode 3-MnO; structure
stability. 8-MnO/TisC,Tx cathode promoting the Mn*2 electrodeposition and show specific synergistic
effect with K;SO4 electrolyte. However, the stripping/plating of Zn anode reversibility can be enhanced
by manipulating the development of zinc dendrites. Consequently, specific capacity of Zn//[KMO/TisC;
battery reaches upto 502.2 mAgh™ and 371.1 mAgh*at 0.3 mAgh, 2 Agh™ respectively. Furthermore,
it shows 93.3% capacity retention at a current density of 10 Ag? after 9500 cycles. Moreover, the
dendrite-free Zn anode delivered columbic efficiency of 99.9% after 2300 cycles [148]. Hsiao et al.
reported the synthesized TisNsTx MXene and discussed the characteristics of multi-layered TisNsTx
MXene in electrochemical activation of electrolytes with continuous cation intercalation to access redox
active sites at 50 mVS? cyclic voltammetry performance over 10 10-day period. Consequently, resulted
in enhanced capacitance of 140% in MgSQ4, 300% in H2SO4, and 500% in KOH at 2 mVS™ maintaining
after 5000 cycles as well as proved as stable MXene to store electrochemical energy [149].
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6.2 Role of interfacial engineering in improving cycling stability and efficiency

Bilal et al. reported that the performance of SnO,/MXene-based anode improved by introducing a thin
passivation layer of HfO, by ALD reactor which behave as solid electrolyte interphase (SEI) in batteries.
This proposed design improved the MXene-based anode cyclic stability and high-capacity performance
[150]. Zou et al. designed a nanocomposite of sandwiched structured Co-NiS/MXene and various
MXene composites, which shows the maximum electrochemical performance of sodium-ion batteries
and lithium-ion batteries. For LIBs, it can deliver a high capacity of 911 mAhg? as well as a specific
high capacity of 1119 mAgh? at 0.1 Ag? and 509 mAgh at 2 Ag? after 200 cycles. Moreover, for
sodium-ion batteries, Co-NiS/MXene delivers a maximum rate capability of 263 mAhg* at 5 Ag™* and
a maximum discharge capacity rate of 541 mAhg™ at 0.1 Ag™. This interfacial self-assembly technique
is highly recommended to researchers to fabricate other sandwiched structure MXene-based
nanocomposite [151]. Sha et al. developed VSe,@V.CTx by the surface salinization method due to
which MXene supplied a source of metal for TMSe. VSe,@V>CTx preserves the structure of nanoplates
from restacking and shows superb efficiency for aqueous zinc ion batteries with a capacity of 158.1
mAhg? after 600 cycles at 2 Ag™ [152]. Li et al. suggested heteroatomic interface engineering of
octahedron composite of VSe,-ZrO,/C/MXene through a hybrid two step method of metal-organic
frameworks resulted to enhance the electrochemical stability and performance of lithium ion batteries.
Subsequently, VSe,-ZrO,/C/MXene show a long-term capacity of 430 mAhg* at 1.0 Ag* after 1000
cycles and a high reversible capacity of 1238.5 mAgh? at 100 mAg™ which proved as a new attempt
based on MOF/MXene-derived selenide electrode for energy storage applications [153]. Wang et al
represent MXene as excellent electrode material for sodium ion batteries (SIBs), due to negative charge
on functional groups and sluggish ion-diffusion reaction kinetics. Herein Wang et al proposed positively
charged conductive polyaniline (PANI) to develop a 3-D network of PANI/TizC,Tx to enhance the
electronic and ionic conductivities. The combination of 3D network and surface engineering of
PANI/Ti3C,Tx shows superb sodium storage performance with efficient capacity, ultralong lifespan at
high current density, and efficient electrochemical performance at temperature +50 to -30 °C [154].

: UJ".{X&'. AN, B,

O T Ml it
Rrtis ol ¥, Yy,

——————

HCl+aniline

=

Ti;:AIC: Ti:C:Ts PANI/TiC:Tx
Fig. 16 Schematic illustration of synthesis via self-assembly [155]

7. Conclusions and Future Outlook

Recent advances in MXene and MXene-based electrodes have shown remarkable achievements and
performance in electrochemical energy storage in academic research and industrial applications. Still
there are many challenges that are involved in developing massive production of MXene-based
electrodes with excellent properties in next-generation rechargeable batteries.

7.1 Summary of key advances in surface engineering of MXenes

Surface engineering strategies enhance the electrochemical performance of MXene-based electrodes by
adjusting the various aspects, including chemical composition, surface terminations, and interlayer
spacing. Introducing the various carbon-based materials, silicon, and metal-oxide not only enhances the
capacity of MXene to store charge but also prevents the MXene single layer from stacking, which was
a key challenge to enhance the electrochemical performance of MXene-based electrodes due to
engineering and optimizing their chemical composition. The structure of MXene and advancement in
MXene-hybrid materials improve the stability, electron/ion transportation, and their electronic
conductivity and overcome the major challenge of high ion diffusion resistance at high current densities,
which decrease the capability rate of MXene-based electrodes. MXene has helped to achieve high
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capacity and fast charge-discharge by the advantage of its surface chemistry and interlayer spacing.
Additionally, heteroatom doping enhances the dopants' interaction with electrolytes and improves the
electronic characteristics of electrodes. As in Li-S batteries theoretical specific capacity was measured
1675 mAhg* while SCNT doped MXene cathode enhance the electrochemical performance in Li-S due
to insoluble nature of Li,-S, preventing the restacking of MXene achieve the initial capacity 1365.1
mAhg™ at 0.1C, and achieve the high performance of 910.3 mAhg* at 1.0 C, and 557.3 mAhg* at 8.0
C respectively, electrode transports 0.057% over 700 cycle capacity decay per cycle due surface
engineering of MXene. SCNT/MXene and Zn/KMO/Ti;C, enhance the specific capacity, excellent
stability, and minimum decay rates. a-MnQO; over TisN3Tx show excellent performance over thousands
of cycles. This variety of surface engineering and modification of MXene makes it highly adaptable
across next-generation batteries and electrochemical applications.

7.2 Remaining challenges and opportunities for further improvements

To design future MXene-based electrodes to enhance the electrochemical performance of next-
generation batteries, researchers should find efficient, safe, and high-quality strategies to develop
MXene-based electrodes. There are various theoretical studies on MXene-based electrodes multivalent
ions (Zn*2, Mg*?, Ca*2, Al*®) batteries, which have no predicted performance as reported. Theoretically,
lithium cathode air batteries should be investigated based on MXene-based electrodes. Operando
characterization strategy must be used to ensure the mechanism of the above multivalent ion batteries
as predicted in sodium and potassium ion batteries with MXene-based electrodes to understand the
problem and possible solution. Researchers have primarily focused on the development of the
electrochemical properties of active materials, and they established the MXene-based batteries using
coin cells; however, in the future, it will be transformed into pouch-type assemble batteries with flexible
devices. Therefore, the major focus should be on the development of solid-state electrolytes that contain
the excellent properties of flexible MXene-based electrodes. MXene’s as electrodes to store energy
tackle various obstacles, and this tendency will continue in the future.
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