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A B S T R A C T

Two-dimensional (2D) MXene-based materials have attracted considerable attention because of their distinctive
physical and chemical properties, rendering them relevant in diverse domains like energy storage, catalysis,
sensing, electronics and environmental remediation. Over the years, numerous high-quality review papers on
MXene have been published, highlighting its synthesis methods, properties, and applications. However, there is
hardly any review paper available on systematic study of synthesis-structure-mechanism-application-expansion
aspects of MXene. The current review article provides an in-depth investigation of most used synthesis ap-
proaches of MXenes, structural, stability, electrical, hydrophilic and mechanical properties. Additionally, ap-
plications of MXenes as supercapacitors and electrode materials for batteries are covered in this article. However,
MXenes have some limitations such as restacking, oxidation, and others which results in their low electro-
chemical performance. To overcome such limitations, various materials such as carbon, metal oxides, and
conducting polymers were incorporated into the MXenes layers to improve their electrochemical performance.
The article also addresses the challenges and potential solutions for MXene based materials for energy storage
applications. Overall, the article provides valuable insights and various opportunities in supercapacitors and
batteries to novices and the research community.

1. Introduction

Energy is fundamental to the growth of human civilization, yet fossil
fuel-based energy production has significant negative impacts on the
global economy and environment [1]. The depletion of fossil fuels and
the escalating issues of climate change are major global concerns. To
address the growing energy demand, it is crucial to develop sustainable,
efficient, and affordable energy production and storage technologies.
Unlike geothermal energy, which is location-specific, tidal power and
wave energy are more predictable and abundant due to their reliance on
constant flows [2]. However, the collection and transmission of energy
from these sources present significant challenges. Renewable energy
sources like wind and solar are often inconsistent, but energy storage
technologies can capture excess energy during favourable conditions for

later use [3]. Researchers are thus focused on developing efficient en-
ergy storage systems with high capacities and excellent cyclic perfor-
mance. Advanced supercapacitors and batteries are expected to become
essential power sources in daily life, powering portable electronic de-
vices such as smartphones, laptops, and cameras. They will also enhance
the capabilities of hybrid and plug-in hybrid vehicles and facilitate the
development of smart grid systems [4–8]. This ongoing research is
crucial for building a sustainable energy future.

Commercially available materials have so far failed to fully meet the
demanding requirements of supercapacitors and batteries, particularly
in achieving both high energy density and high-power density [9].
Activated carbon (AC) is widely used in commercial supercapacitors due
to its straightforward synthesis process, cost-effectiveness, porous
structure with a high surface area, reasonable electrical conductivity,
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and satisfactory electrochemical stability [10]. However, the high con-
tact resistance and slow ion transport associated with AC result in
inadequate capacitances and low energy densities. Similarly, graphite,
which is used as the anode material in commercial lithium-ion batteries
(LIBs), has a limited theoretical capacity of 372 mAh⋅g− 1 and a working
potential of 0.05 V vs Li+/Li. These limitations hinder the development
of high-energy-density LIBs [11–13]. Therefore, there is a pressing need
for new materials and innovative approaches to overcome these chal-
lenges and enhance the performance of energy storage systems.

Recently, two-dimensional (2D) materials have attracted significant
attention from researchers worldwide because of their exceptional
electrical and electronic properties, which distinguish them from their
bulk counterparts [14]. Currently, graphene is the most extensively
studied 2D material, celebrated for its remarkable mechanical stability,
high intrinsic mobility, and excellent electrical conductivity [15]. These
properties make graphene an ideal candidate for flexible electronics,
energy conversion, and storage devices. In addition to graphene, there
has been substantial research on other 2D materials over the past few
years, including transition metal dichalcogenides (TMDs), hexagonal

boron nitride and phosphorene [16–18]. These materials are also being
explored for their potential in various advanced technological applica-
tions due to their unique properties.

MXenes, a novel family of 2D early transition metal carbides and/or
nitrides, were discovered nearly a decade ago by Yury Gogotsi and
colleagues at Drexel University in the United States [19]. The chemical
formula for MXenes is Mn+1XnTx, where M signifying an early transition
metal, X denoting carbon and/or nitrogen, and Tx representing surface
functional groups like–O, -OH,–F, or–Cl (Fig. 1a) [20–22]. MXenes
are synthesized through the chemical etching of the A element from
their 3D precursor, known as the MAX phase [23,24]. In the MAX phase,
M-X bonds are significantly stronger than M-A bonds. A schematic dia-
gram illustrating the structure of both the MAX phase and MXene is
shown in Fig. 1(b). Despite many synthesis routes have been developed
since the first inception of MXene, the synthesis of MXene is generally
more expensive than other 2D materials due to complex and hazardous
etching processes. Researchers are actively working on making MXene
synthesis more economical by exploring alternative less expensive
etching methods that reduce or eliminate the need for hazardous

Fig. 1. (a) MAX phases comprise the elements of Mn+1AXn shown in periodic table; (b) structure of MAX phases and associated MXenes; (c) the number of journal
publications concerning MXenes for supercapacitor and battery applications, identified through keyword searches “MXene Supercapacitor” and “MXene battery”.
Source: (http://apps.webofknowledge.com, 2015 to 2023). (a) Reprinted with permission from Ref. [20], Ceramics International, © 2019 Elsevier). (b) Reprinted
with permission from Ref. [41], Advanced materials, Copyright © 2014, Wiley-VCH).
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chemicals like HF acid [25]. Researchers are also investigating scalable
production techniques, such as using milder etchants and optimizing the
synthesis process to reduce waste and energy consumption. Addition-
ally, efforts are being made to find more cost-effective rawmaterials and
to improve the efficiency of post-synthesis treatments, all aimed at
lowering the overall production cost while maintaining the quality and
properties of MXenes [26].

The most prominent characteristics of MXenes are, metal like con-
ductivity, notable theoretical capacities (e.g., approximately 448
mAh⋅g− 1 for single layered Ti3C2 MXene in lithium storage) [11], high
mechanical strength, numerous redox reaction, high metallic conduc-
tivity (around 25,000 S⋅m− 1) and tunable hydrophilicity. Due to these
outstanding properties, MXenes have demonstrated substantial poten-
tial in various applications, including electrochemical energy storage

[27–32], electromagnetic shielding [33,34], sensors [35–37], biomed-
ical applications [38], and photocatalysis dye degradation [39]. Over
the past, MXenes, have gained significant interest in both super-
capacitors and batteries, as illustrated by the annual publication figures
depicted in Fig. 1(c).

Fig. 2(a) shows the annual growth of publications, highlighting the
progressive establishment of MXene-based energy storage research.
Numerous studies on MXenes in this field have been published. The
research landscape can be visualized using VOSviewer, a free tool for
constructing bibliometric networks. Relevant keywords significantly
impact document search efficacy. Our keyword analysis identified
MXene, performance, and nanosheets as the top keywords. Fig. 2(b) il-
lustrates a network of keyword occurrences.

This review article provides a systematic investigation of MXene-

Fig. 2. (a) Number of Publications on topic “MXene energy storage”. Source: (http://apps.webofknowledge.com) (data accessed on 18 Sept. 2023). (b) An illus-
tration of co-occurrence of keywords.
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based materials for energy storage application. It covers diverse syn-
thesis approaches, and a variety of properties like structural stability,
electronic characteristics, hydrophilicity, and mechanical strength. This
review article majorly focused on the MXenes based materials for
rechargeable batteries and supercapacitors, leveraging their remarkable
electrochemical performance driven by large surface area, high elec-
trical conductivity, and interlayer spacing for efficient charge storage
and fast ion diffusion. However, MXenes have some limitations such as
restacking, oxidation, and others which results in their low electro-
chemical performance. To overcome such limitations, various materials
such as carbon, metal oxides, and conducting polymers were incorpo-
rated into the MXenes layers to improve their electrochemical perfor-
mance. Furthermore, a bibliometric analysis from 2012 to 2023 was
conducted using VOSviewer software to reveal the trends in MXene-
based energy storage globally. The bibliometric analysis offered in-
sights into collaborative research patterns and prospects. Opportunities
and challenges in MXene-based energy storage solutions are discussed,
alongside strategies for improving stability, scalability, and perfor-
mance. Overall, the review serves as a comprehensive guide for future
research directions to address energy and sustainability challenges.

2. Most commonly used techniques for synthesis of MXene

The first MXene (Ti3C2Tx) was discovered in 2011 through the se-
lective removal of aluminum from Ti3AlC2 using aqueous HF at room
temperature, which led to the substitution of aluminum atoms with
oxygen, hydroxyl, and/or fluorine atoms [42]. Following this discovery,
researchers sought alternative synthesis methods to reduce the risks
associated with HF. Various techniques have been developed to produce
MXenes, including fluoride-salt etching, molten salt etching, fluoride-
free etching, electrochemical etching, chemical vapor deposition
(CVD), and the template method, as shown in Fig. 3 [43]. These tech-
niques can be broadly categorized into two groups: top-down and
bottom-up approaches. Top-down synthesis methods involve breaking
down bulk materials into nanoscale structures through mechanical,
chemical, or thermal processes, such as HF etching, fluoride-salt etching,
which serves as a safer alternative to HF, molten salt etching, which
occurs at high temperatures and can produce distinct structural and
surface properties, and fluoride-free etching, which eliminates the use of
fluoride entirely, reducing potential hazards [44–46]. These methods
allow for precise control over the size, shape, and surface characteristics
of MXenes, making them ideal for applications in energy storage,
catalysis, and electronics. Conversely, bottom-up synthesis methods
involve assembling nanomaterials from atomic or molecular precursors,

allowing for the construction of MXenes with tailored properties for
specialized applications [47]. Methods like chemical vapor deposition
(CVD), where gaseous precursors react or decompose on a substrate to
form thin films or nanostructures, and the template method, which uses
pre-existing templates to guide the assembly of MXene layers or struc-
tures, are key examples of this approach [48,49]. Both approaches are
crucial for MXene synthesis, with each offering unique advantages
depending on the desired application. Moving forward, efforts should
focus on optimizing these methods to enhance the stability, environ-
mental friendliness, cost-effectiveness, scalability, simplicity, and qual-
ity of MXene production.

2.1. HF etching

HF etching is commonly carried out by incorporating MAX into a
solution of hydrofluoric acid while maintaining continuous agitation
[50]. Following this step, the resulting mixture requires multiple wash
with deionized water until its pH stabilizes within the range of 6–7. The
residual products (AlF3) and water undergo reactions with additional
MXenes, resulting in the formation of termination groups such as –F,
-OH, and –O. The following reactions (1)–(3) are involved for the
synthesis of MXenes using HF etching [51].

Mn+1AIXn +3HF = AIF3 +Mn+1+1.5H2 (1)

Mn+1Xn +2H2O = Mn+1Xn(OH)2 +H2 (2)

Mn+1Xn +2HF = Mn+1XnF2 +H2 (3)

HF etching method is considered especially when synthesis of
MXenes needed at low or even room temperature. This type of etching
often endorsed for its simplicity and ease of implementation. However,
fully fluorine terminated MXenes exhibit significant resistance to
oxidation and thereby offers better stability compared to the MXenes
with other terminated groups. Furthermore, HF aqueous etching pro-
vides various advantages, including the complete removal of the Al layer
from the MAX phase and improvements in morphology and yield
[52,53]. Because of these benefits, researchers predominantly employed
this approach to produce of MXenes and their derivatives. The duration
of etching also varies depending on the type of Metal (M) atom. The M
atom possessing a greater number of valence electrons needs more
robust etching. For instance, Nb2AlC demands a stirring time three times
longer than Ti3C2Tx [54].

While HF etching of MXenes produces better results compared to
alternative chemical synthesis methods, but it poses significant hazards

Fig. 3. An illustration depicting various typical techniques for producing MXenes.
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due to highly toxic and corrosive properties of HF. Additionally, HF
etching generates H2 gas as a byproduct, which is highly flammable and
can readily disperse into the surrounding environment. The synthesis of
MXene Ti3C2 from MAX Phase Ti3AlC2 using HF etching treatment is
shown in Fig. 4(a) [51]. SEM images of MAX phase Ti3AlC2 (Fig. 4b) and
MXenes after HF treatment shows layered structure of MXene are
depicted in (Fig. 4c) [51].

Theoretically, elevated temperatures and higher concentrations of
HF are advantageous for MXene synthesis [55]. Various literature re-
ports indicate that Ti3C2 MXene can be synthesized using different re-
action times of HF etching such as 2 h [56], 24 h [57], 72 h [58].
However, the reaction for 2 h duration was found inefficient for com-
plete exfoliation of Ti3AlC2. But, the increase in reaction processing time
up to 24 h duration leads to the complete exfoliation of Ti3AlC2 and its
transformation into MXene [59].

However, due to corrosive and toxic nature of HF, its direct utiliza-
tion is constrained. MXenes fabricated through this process typically
exhibit elevated fluorine levels, which present challenges, particularly
in photocatalytic reactions and biomedical applications. Such disad-
vantages forced the researchers to find alternative safe and less haz-
ardous methods [60].

2.2. Fluoride salts etching

Comparatively safer alternative to HF etching has been devised by

the researchers and named as Fluoride salts etching [61]. Acid/fluoride
salt etching serves as an in-situ HF etching, offering the benefit of
reduced chemical hazards and energy consumption during the etching
process. This method utilizes an etchant comprising a fluoride salt so-
lution (such as LiF, NH4F, KF or NaF) and HCl for the synthesis of MXene
[62]. The synthesis can be elucidated by the following reactions (4) and
(5) [63]:

LiF+HCI = HF+ LiCI (4)

NH4F+H2O = NH3⋅H2O+HF (5)

The synthesis of MXene utilizing HCl-LiF etching is depicted in Fig. 4
(d) [64]. Various studies have illustrated the preparation of MXenes,
such as Ti3C2Tx films [24] and Mo2CTx [65] nanosheets, through the
reaction between MAX Phase materials like Ti3AlC2 and Mo2Ga2C, and
LiF-HCl etchants, resulting in MXenes with low defects.

In another study, Ti3C2 MXene was synthesized through the etching
of Ti3AlC2 MAX Phase using various fluoride salts in a hydrochloric acid
(HCl) solution. Optimal conditions for preparing Ti3C2 MXene using a 4
mol/L etching solution were identified as follows: 24 h at 50 ◦C using
LiF, 48 h at 40 ◦C using NaF, 48 h at 40 ◦C using KF, and 24 h at 30 ◦C
using NH4F [66].

Although fluoride-based etching of MXene offers certain advantages,
it poses significant hazards due to its potential toxicity and corrosivity,
and it can adversely affect the specific capacitance in supercapacitors

Fig. 4. (a) Illustration of the exfoliation process of MAX phases leading to the formation of MXenes. SEM images (b) Ti3AlC2 (MAX Phase), (c) Ti3C2 MXene, (d)
synthesis Ti3C2Tx MXene nanosheets using In-situ HF etching, (e) synthesis of Ti3C2Tx MXenes utilizing fluorinated salts.
(a–c) (Reprinted with permission from Ref. [51], ACS Nano, © 2012 American Chemical Society). (d) (Reprinted with permission from Ref. [64], ACS Nano, © 2021
American Chemical Society). (e) (Reprinted with permission from Ref. [69], FlatChem, © 2023 Elsevier).
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[67]. Moreover, this method may induce structural damage, compro-
mising the integrity of the MXene layers. The process also fails to
eliminate grain boundaries in the MAX phase, leaving behind residual
MAX phase particles and unetched MXenes, which leads to a low yield
[68].

Over the years, various salts have been explored to enhance the yield
of MXene, including bifluoride salts such as NH4HF2, NaHF2, and KHF2.
These milder etchants offer a safer approach for the synthesis of MXenes.
NH4HF2 is commonly utilized for etching Ti3AlC2 powder to produce
Ti3C2Tx MXene using a range of temperature starting from room tem-
perature to elevated temperatures for different duration in hours. The
synthesis of Ti3C2Tx MXenes using NH4HF2, NH4HF2 and citric acid
combination, and NH4F with citric acid is illustrated in Fig. 4(e) [69].
Table 1 outlines the various synthesis methods for MXene and its ap-
plications in various energy storage systems.

In situ HF etching significantly enhances MXene quality, facilitating
the production of high-conductivity MXene films of any size, which are
ideal for energy storage applications. This technique enables the crea-
tion of MXene ink that can be directly deposited onto substrates without
the need for sonication for delamination. It produces large quantities of
MXene with minimal energy consumption [71]. Additionally, intro-
ducing metal cations between MXene layers increases interlayer spacing
and aids in separation. This approach improves reaction stability, sur-
face area, and the number of redox-active sites, allowing for direct
delamination through fluoride ion intercalation [60].

2.3. Molten salt etching

The molten salt method is a novel and efficient approach that ad-
dresses many of the challenges associated with MXene synthesis. In this
technique, a MAX phase precursor is treated with molten salt at elevated
temperatures for a shorter duration, enabling the production of MXenes

with tunable surface groups and inter-layer spacing [72]. The molten
salt selectively removes specific elements from the precursor, resulting
in the formation of MXene layers. Compared to traditional fluoride-
based etching, this method offers several advantages, including higher
purity MXenes and the avoidance of hazardous fluoride compounds,
making it both safer and more environmentally friendly [73,74].
MXenes can also be synthesized through high temperature etching of
MAX phases. For instance, a recent experiment demonstrated that
treating Ti4AlN3 MAX phase in a molten fluoride salt mixture at 550 ◦C
within an argon atmosphere successfully produced Ti4N3TxMXene [75].
In another study, the Ti3AlC2 MAX phase was combined with HCl and
LiF solutions, then heated at 400 ◦C for approximately 45 h, followed by
washing to adjust the pH. This process yielded a clay-like paste that
could be formed into an expandable film with enhanced volumetric
conductivity. Consequently, the molten-salt etching technique for
MXene synthesis is a promising approach, offering significant potential
for the development of new technologies and their diverse applications
[76]. However, it also has limitations, including the requirement for
high operational temperatures, which can be energy-intensive and risk
degrading the MXene structure. Additionally, achieving uniform and
consistent etching is challenging, potentially leading to non-uniform
material properties, and the scalability of the method is complex due
to the need for maintaining uniform temperature and salt composition
over large-scale reactions. Disposal of used salts and environmental
impact are also critical concerns [77].

2.4. Fluoride-free etching process

The fluoride-free etching process for MXene synthesis is needed to
avoid the high toxicity and environmental hazards of fluoride salts,
resulting in a safer, more environmentally friendly production of
MXenes with potentially fewer structural defects [78]. Traditional

Table 1
A summary of synthesis routes and applications of MXene in energy storage domain.

MAX phase Materials Synthesis approach Morphology of MXene Application Ref.

Ti3AlC2 Ti3C2Tx HF etching Single layer SCs [105]
(Mo2/3Sc1/3)2AlC Mo1.3CTx HF etching Nanosheets SCs [106]
Ta4AlC3 Ta4C3Tx HF etching Layered morphology SCs [107]
Ti2AlC Ti2CTx HF etching Nanosheets Symmetric SCs [108]
Ti3AlC2 Ti3C2Tx HCl + LiF etching Nanosheets Flexible SCs [109]
V2AlC ZrO2-V2CTx Hydrothermal method Nanosheets SCs [110]
Ti3AlC2 Ti3C2TxMXene/carbon nanofiber Electrospinning Single layer SCs [111]
Ti3AlC2 Zn@ Ti3C2 Deposition Multilayer SCs [112]
Ti3AlC2 Ti3C2Tx/CNTs Electrostatic self-assembly Single layer SCs [113]
Ti3AlC2 Ti3C2/AgNWs Vacuum-assisted filtration Single layer SCs [114]
Ti3AlC2 Ti3C2Tx -rGO Electrostatic self-assembly Single layer SCs [115]
Ti3AlC2 MoS2/Ti3C2Tx Hydrothermal method Single layer SCs [116]
Ti3AlC2 Ti3C2Tx Hydrothermal method Single layer Flexible SCs [117]
Ti3AlC2 NiCo2Se4/MXene Hydrothermal method Single layer SCs [118]
Ti3AlC2 MXene/carbon dots Evaporate and vacuum drying Nanosheets SCs [119]
Ti3AlC2 MXene-CNT/PANI Electrophoretic deposition Nanosheets SCs [120]
Ti3AlC2 MXene/rGO aerogels Self-assembly Nanoflakes SCs [121]
Ti2AlC Ti2C/activated carbon HF etching Nanosheets SCs [122]
Ti3AlC2 MXene/MoSe2 Hydrothermal method Nanosheets Asymmetric SCs [123]
Ti3AlC2 Ti3C2Tx//activated carbon HCl + LiF etching Accordion-like layered structure Micro- SCs [124]
Ti3AlC2 Ti3C2/graphene Wet-spinning process Nanosheets Flexible SCs [125]
V2AlC V2CTx HF etching Layered morphology Li-ion battery [126]
Nb2AlC Nb2CTx HF etching Layered morphology Li-ion battery [126]
Nb4AlC3 Nb4C3Tx HF etching Multilayered Li-ion battery [127]
Nb2AlC Nb2CTx Hydrothermal etching Nanosheets Li-ion battery [128]
Ti3AlC2 MXene/Ag Self-reduction Multilayer Li-ion battery [129]
Ti3AlC2 Ti3C2/graphene oxide Freeze-drying Single layer Li-ion battery [130]
Ti3AlC2 LTO (lithiophilic)/Ti3C2 Electrochemical deposition Multilayer Li-ion battery [131]
Ti3AlC2 Sb2O3/Ti3C2Tx Facile solution-phase method Few-layered Na-ion battery [123]
Ti3AlC2 PANI/Ti3C2Tx Electrostatic self-assembly Single layer Na-ion battery [132]
Ti3AlC2 Ti3C2Tx (nanodots)/P (red phosphorous) Ball milling Quantum dot Na-ion battery [133]
Ti3AlC2 Ti3C2Tx nanodots Hydrothermal method Quantum dot Li–S battery [134]
Ti3AlC2 Ti3C2 nanoribbon Alkali treatment Nanoribbon Li–S battery [135]
Ti3AlC2 h-Ti3C2/CNTs Alkali treatment Nanoribbon Na-O2 batteries [136]

S. Jangra et al. Journal of Energy Storage 101 (2024) 113810 

6 



methods often result in the attachment of numerous fluorine groups to
MXene surfaces, which negatively impacts their electrochemical per-
formance [79]. To overcome these challenges, various approaches have
been developed to eliminate the use of fluoride ions in MXene fabrica-
tion. Efforts are also being made to expand the range of MAX precursors
to fully exploit the potential of MXenes. Consequently, researchers are
focusing on developing fluorine-free methods for MXene synthesis.
Alternative methods such as molten salt Lewis acid etching, electro-
chemical etching, chemical vapor deposition (CVD), and the template
method have been proposed to synthesize MXenes without using fluo-
rine [46].

2.4.1. Etching via molten salt Lewis’s acid
The discovery of molten salt Lewis acidic etching marks a significant

breakthrough, providing a fluorine-free method that enables etching
from a wide variety of MAX precursors and allows for the modification
of MXene surface chemistry [81,82].

For instance, Ti3ZnC2 MXene was synthesized by etching of Ti3AlC2
with ZnCl2 molten salt at 550 ◦C under N2 atmosphere. During this
process, Zn2+ ions interact with the aluminum layers and fill the
aluminum atom sites within Ti3AlC2 and yields Ti3ZnC2. However,
Ti3ZnC2 can be converted into Ti3C2Cl2 MXene by introducing addi-
tional ZnCl2 molten salt. Such methodology can be extended to other
precursor materials such as Ti2AlC, Ti2AlN, and V2AlC, with a similar
synthesis mechanism [81]:

Ti3AIC2+1.5ZnC12 = Ti3ZnC2 +0.5 Zn+AICI3 (6)

Ti3ZnC2 +ZnC12 = Ti3C2CI2+2 Zn (7)

Fig. 5(a) depicts a graphical depiction of the molten salt Lewis’s acid
synthesis procedure. Once the reaction concluded, the resultant product
underwent purification using deionized water to remove residual salts.
Furthermore, the product was subjected to treatment with HCl to
eliminate the Zn particles from the MXene [81].

There are tremendous possibilities for creating tailored termination
groups for MXenes through substitution and elimination reactions [84].
For instance, using CdBr2 as a Lewis acid, the etching of MAX phase
produces MXenes with Br termination groups. These terminations can
undergo surface exchange reactions with various halide ions and func-
tional groups like –NH, –S, –Se, and –Te and thereby enhancing
MXene properties beyond structural and chemical modifications [85].
This synthesis method facilitates the investigation of MXene character-
istics, particularly based on the termination groups.

2.4.2. Electrochemical etching
Electrochemical etching is an efficient method for producing

fluoride-free MXenes, where a potential difference is applied between an
MXene sample and a counter/reference electrode submerged in an
electrolyte solution, as illustrated in Fig. 5(b) [83].

This technique allows for precise control over parameters such as
voltage, current, time, and temperature. Electrochemical etching en-
ables the selective removal of specific MXene layers, resulting in tailored
properties [86]. By applying an electric field to the MXene surface, ions
are prompted to intercalate and modify the surface chemistry, which can
enhance charge storage capacity and electrode performance [87,88].

The process involves adjusting the electrochemical potential of
MXene and is adaptable to various electrolytes. For example, the Ti2AlC

Fig. 5. (a) A diagram illustrating the mechanism of the element replacement technique and the consequent production of Ti3C2Cl2. (b) Diagram illustrating the
synthesis setup and exfoliation process of Ti3AlC2 using the electrochemical etching method.
(a) (Reprinted with permission from Ref. [81], Journal of American Chemical Society Copyright © 2019 American Chemical Society). (b) (Reprinted with permission
from Ref. [83], Ceramics International, © 2021 Elsevier).
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MAX phase electrode was utilized in a diluted HCl solution to generate
Ti2CTx MXenes. This method did not involve the use of fluoride ions,
resulting in MXenes with only -OH,–Cl, and–O groups, differing from
those produced by chemical etching methods that use HF or LiF/HCl
[46,89].

To prevent over-etching and control the size of MXenes, it is crucial
to maintain the potential difference within a specific range during the
reaction between the “A” and “M” layers in the MAX structure. Con-
trolling the potential window and reaction time is essential. Various
electrolytes such as H2SO4, HNO3, NaOH, NH4Cl, and FeCl3 have been
tested for their effectiveness in etching the “A” layer. Electrolytes con-
taining chlorine (Cl) have been found to improve etching yields due to
their strong bonding with the “A” element. The combination of NH4Cl
and TMAOH electrolytes optimized ion accessibility and increased
etching yield by expanding the interlayer spacing in the MAX phase
[89]. The proposed etching reaction is outlined as follows [89]:

Ti3AIC2 − 3e− +3CI− = Ti3C2 +AICI3 (8)

Ti3C2 − 2OH− − 2e− = Ti3C2(OH)2 (9)

Ti3C2+2H2O = Ti3C2(OH)2 +H2 (10)

In another investigation, researchers focused on different MAX pre-
cursors and the toxicity of intercalants. They aimed to enhance product
yield through a thermo-assisted electrochemical etching method. This
method provides a straightforward, gentle, and environmentally
friendly approach, requiring minimal energy input. MXenes produced
via electrochemical etching can achieve an accordion-like morphology

through precise parameter control and the absence of fluorine termi-
nations [90,91]. Despite its advantages, the electrochemical etching
method faces challenges in achieving commercially viable production
due to its low yield [46].

2.5. Chemical vapor deposition (CVD)

The bottom-up chemical vapor deposition (CVD) technique offers a
versatile method for systematically producing high-quality MXenes,
enabling the creation of monolayered carbide MXenes with unique
properties that are not achievable through traditional etching methods.
This technique provides several advantages, including the omission of
the MAX phase, scalability, and precise process control [92–94]. For
instance, in the synthesis of ultrathin Mo2C, methane served as the
carbon source, while a Cu foil on a Mo foil acted as the substrate at
temperatures exceeding 1085 ◦C. The resulting Mo2C single layer
measured approximately 3 nm in thickness, with a lateral size exceeding
100 μm, yielding a substantial surface area. Experimental factors such as
reaction temperature, duration, and the type of metal foil substrate can
modify the size and defect density of the morphology. Additionally,
changing the metal foil can lead to the production of ultrathin WC and
TaC crystals with enhanced crystalline quality [92].

A single-step synthesis of a two-dimensional Mo2C layer on a gra-
phene substrate was achieved via chemical vapor deposition CVD, using
molten copper as the catalyst. The schematic representation of the
growth process is depicted in Fig. 6(a) [95].

In another study, Ti-based MXenes were effectively fabricated using
CVD. This process involves the reaction between methane or nitrogen

Fig. 6. (a) Diagram showing the growth of Mo2C products under varying flow rates of CH4 gas, both high and low; (b) fabrication of two-dimensional MoN using the
salt template method.
(a) (Reprinted with permission from Ref. [95], Advanced materials, Copyright © 2017, Wiley-VCH). (b) (Reprinted with permission from Ref. [99], ACS Nano, ©
2017 American Chemical Society).
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gas and TiCl4 on a Ti metal substrate, leading to the creation of chlorine
terminated Ti2CCl2 or Ti2NCl2, respectively. Subsequently, the MXene
layers vertically develop from the metal surface and detach, exposing
the surface for subsequent reactions. This indicates the potential for
producing large quantities of MXene sheets given sufficient precursor
amounts. The proposed CVD approach presents an opportunity for
scaling up MXene production commercially and exploring novel phases
and structures of MXenes [48]. For instance, the Ti2NCl2 produced
marked the first report of a chloride-terminated nitride MXene [96].

Additionally, a 3D hybrid nanocomposite was created featuring ul-
trafine platinum nanoparticles decorated on reduced graphene oxide
and MXene nanosheets. This resulting nanocomposite demonstrated
prolonged stability and elevated catalytic performance, exhibiting
remarkable electrocatalytic properties for the oxidation of methanol
[97].

Controlling morphology of MXene in CVD involves controlling of
several key parameters, including precursor selection, flow rates, sub-
strate temperature, and chamber pressure. Precursors affect deposition
rates and uniformity, while substrate temperature influences nucleation
and growth kinetics, impacting film smoothness and grain size [98].
Additionally, chamber pressure and gas composition can alter deposi-
tion rates and film characteristics, allowing for tailored material prop-
erties and structures.

However, this method is not typically used for MXene preparation
because it produces thin layers rather than single layers. Consequently,
the chemical vapor deposition (CVD) approach is not suitable for MXene
production. Instead, a top-down method is employed, but this alterna-
tive method is expensive and results in low production rates, high-
lighting the need for further optimization to improve the efficiency and
cost-effectiveness of MXene preparation.

2.6. Template method

The concept of salt-templated synthesis was introduced as a novel
method for producing molybdenum nitride (MoN) as shown in Fig. 6(b).
This process involved four main stages: (i) Initially, a 2D template was
prepared using a Mo precursor to obtain MoO3. (ii) In next step, the
template was coated with salt by heating MoO3 with NaCl in an argon
environment. (iii) later on, ammonization was performed, where heat-
ing the MoO3-coated NaCl to 650 ◦C in an NH3 atmosphere produced
MoN. (iv) Finally, the template was removed by rinsing with deionized
water to eliminate the salt. This innovative approach offered a prom-
ising strategy for the controlled synthesis of MoN and potentially other
materials [99].

A modified version of the template method has been employed to
arrange two dimensional MXene layers into three dimensional MXenes,
In the process of assembling 3D MXenes, a template comprising MXene
solution coated with a polymer, such as polystyrene, that is compatible
with the MXene material. This polymer then can be eliminated by
heating the up to 450 ◦C in an inert atmosphere. Crucially, the trans-
formation involves reconstructing 2D metal carbide into 3D MXene,
highlighting the essence of the method [100,101]. Table 1 summarised
different synthesis methods used for energy storage application.

In analyzing MXene synthesis, key characterization techniques were
categorized and compared across structural, morphological, and
compositional analyses. X-ray diffraction (XRD) confirmed MXene for-
mation through a shift in the (002) peak shifts towards a lower angle and
the removal of the Al peak, indicates the increased interlayer spacing
and the etching of the Al layer, respectively [102]. Scanning electron
microscopy (SEM) provided visual evidence of the layered nanosheet
structure, with variations in the “accordion” morphology linked to
different etching method [103]. Energy-dispersive X-ray spectroscopy
(EDS) confirmed the elemental composition but was limited in assessing
surface terminations. By correlating XRD’s structural data with SEM’s
morphological insights and EDS’s compositional analysis, the impact of
synthesis parameters on MXene’s final structure was comprehensively

understood [104].

3. Properties of MXene

Materials based on MXene exhibit remarkable properties, due to
their layered structure, high surface area, variable surface chemistries,
and hydrophilic surfaces [137,138]. These properties include excep-
tional electrical conductivity, with Ti3C2Tx MXene reaching its highest
recorded value of 25,000 S cm− 1 [139]. Sc2CF2 MXene demonstrates
impressive thermal conductivity as 722W/m− 1 K− 1 [140]. Additionally,
MXenes showcase outstanding mechanical properties, such as a tensile
strength of up to 570 MPa [141] and a Young’s modulus of 333 ± 13
GPa for Ti3C2Tx [142]. Pristine Ti3CNTx MXene offers EMI shielding
effectiveness as 116 dB [143], while delaminated Ti3C2 MXene elec-
trodes exhibit a high specific capacitance of up to 654 F g− 1 at 1 A g− 1

[144], along with excellent cycling stability as illustrated in Fig. 7. These
properties collectively underscore MXene’s potential as a promising
electrode material for practical applications.

3.1. Structural and stability property

Advanced computational modeling is frequently utilized to assess the
structural properties of newly developed stable materials like MXene.
The investigation has revealed six different arrangements of MXenes, as
illustrated in Fig. 8. These configurations include solid solutions, indi-
vidual metal elements, double metal elements with out-of-plane
ordering where transition metals are positioned in the outer layer, in-
plane ordering, structured vacancies, and randomly distributed va-
cancies [20,145,146].

The stability and properties of MXenes can be modified by altering
their terminal groups. Computational research has shown that M2XT2
structures, characterized by six bonds between X and M atoms, exem-
plify the signature six-coordination of transition metals. Analysis of the
positions of terminal Tx atoms relative to X and M atoms has revealed
that various configurations often demonstrate optimal stability. In
certain MXenes, placing Tx elements above X atoms has been found to
improve their electrical interface. Experimental results have confirmed
that termination groups in V2CTx and Ti3C2Tx MXenes exhibit a random
distribution, consistent with predictions from density functional theory
(DFT) calculations [147,148].

Fig. 7. Summary of diverse properties of MXene.
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The potential degradation of MXenes can happen upon exposure to
moisture or higher temperatures, highlighting the importance of
assessing their durability during storage and usage. Experimental find-
ings indicate that the initial conductivity of Ti3C2Tx can be reduced by
20 % when exposed to air for >70 h [149].

Therefore, to maintain the stability of MXene over an extended
period, it is recommended to store them in an oxygen-free environment,
apply protective coatings, and regularly monitor the stability of MXene
samples using advance characterization techniques like STM, TEM, XPS,
NMR, XRD, FTIR, etc. [150,151]. Furthermore, the stability of MXene
can be enhanced by employing optimized etching techniques to mini-
mize the presence of adatoms on its surface [20,153].

3.2. Electrical properties

MXenes serve as a preferred choice for electrical and optoelectronic
devices as they offer exceptional electrical conductivity and hydrophi-
licity. The metallic nature contributes to their very high electrical con-
ductivity. Interestingly, the conductivity of MXenes can vary
significantly from 1 S cm− 1 to>25,000 S cm− 1. That usually depends on
various factors such as precursors of MAX phase, synthesis techniques,
type and combination of surface termination groups and post-synthesis
conditions [20,155].

The electrical conductivity of MXenes can be improved by modifying
their surface functional groups or their elemental composition. The
studies revealed that the metallic conductivity of Tin+1Cn MXenes
without surface functional groups decreases with the increase in value of
‘n’ [156].

The electrical conductivities of Ti3C2Tx MXene depends on several
factors such as surface functionality, d-spacing between MXene parti-
cles, lateral dimensions, and the yield of delamination resulting from the
etching technique [157]. Experimentally measured electrical conduc-
tivity can go up to 2.4× 105 S/m for pure Ti3C2Tx films and 2.2× 104 S/
m for Ti3C2Tx/PVA composite film [158].

Additionally, the electrical conductivity of functional group-
terminated Ti3C2Tx MXenes was can go up to 4600 S cm− 1 [159].
However, in another research, high conductivity of 3000 S cm− 1 has
been shown by an aramid nanofiber@MXene coaxial fiber [160].

Both the theoretical and experimental calculations revealed that the
majority of functionalized MXenes tend to exhibit metallic characteris-
tics or a metallic appearance or semiconductor MXenes (relatively rare).
Due to the non-terminated nature of MXenes, the outermost layer of
transition metal elements often exhibits a notable density of states at the
Fermi surface. The density of states in proximity to the Fermi surface is
largely influenced by the d-electrons of transition metals, while the
energy bands are formed by the p-electrons of X atoms, typically situated
approximately − 3 eV to − 5 eV below the Fermi surface level
[157,161,162].

The work functions (WFs) of both bare MXenes and surface func-
tionalized MXenes tend to be metallic. Notably, the calculated WFs of
metallic MXenes can vary from 1.8 eV to 8 eV, as illustrated in Fig. 9(a).
This variability in WF is closely linked to the surface chemistry of the
MXenes. For a given MXene, the presence of OH (O) groups generally
decreases (increases) its work function compared to the bare surface,
while the effect of F decoration varies depending on the specific mate-
rial. It is noteworthy that all MXenes terminated with OH groups
demonstrate remarkably low work functions (below 2.8 eV), even lower
than that of Scandium (Sc), which is one of the lowest among all
elemental metals. Conversely, certain MXenes terminated with O groups
exhibit work functions even greater than that of Platinum, which has the
highest work function among elemental metals. The work functions of
MXenes terminated with F typically lie between those of OH- and O-
terminated counterparts. The alteration in work function due to surface
functionalization arises from changes in the surface dipole moment
induced by the functionalization process [163,164].

Fig. 8. Various configurations of MXene structures (a).
(Reprinted with permission from Ref. [20], Ceramics International, © 2019 Elsevier).

S. Jangra et al. Journal of Energy Storage 101 (2024) 113810 

10 



3.3. Hydrophilicity property

The term “hydrophilicity” refers to a surface property where the
water contact angle between a liquid droplet and the surface is <90◦

[167]. Ti3C2Tx MXene is typically produced through acid etching in a
water-based environment, leading to the generation of numerous polar
terminal groups like -OH (hydroxyl) or –O (oxygen) on its surface.
These terminations reveal highly hydrophilic nature of Ti3C2Tx nano-
sheets, an important characteristic extensively utilized in various ap-
plications such as energy storage, photocatalytic pollutant breakdown
and biomedical [168]. The hydrophilicity of MXene can be controlled by
its synthesis route and subsequent delamination agent [169].

The hydrophilicity of pristine MXene (Ti3C2) was evaluated by
measuring the contact angles of water droplets. As shown in Fig. 9(b),
the contact angle for pristine MXene is 53.1◦, indicating its hydrophilic
nature due to the presence of surface terminal groups. Additionally, the
functional groups (such as = O, –OH, and–F) on the surface of pristine
MXene flakes enable them to disperse in polar organic solvents and
water (Fig. 9(c)) [165]. Alternatively, a hydrophobic surface for
Ti3C2Tx, tailored for specific environments, can be achieved by modi-
fying its surface functional terminations or incorporating it into com-
posite materials with other functionalities [170].

Moreover, a hydrophobic porous foam based on Ti3C2 was developed
by encapsulating a Ti3C2 film between two ceramic wafers. These wafers
were coated with 80 % hydrazine monohydrate followed by calcination
at 90 ◦C. In contrast to the hydrophilic Ti3C2 films, which have a contact
angle of 59.5◦, the Ti3C2-based foam exhibited hydrophobic character-
istics, with a contact angle of 94◦. This distinct hydrophobicity endowed
the Ti3C2 foam with excellent resilience in humid conditions and
enhanced stability in water [171].

In another study, a combination of MXene and polyvinyl alcohol
(PVA) was used to produce a nanofiber film, resulting in a PVA/MXene
composite with a water contact angle of 24.5◦, while pristine MXene
exhibited contact angle as 35.7◦ respectively. This composite demon-
strated improved hydrophilicity compared to pristine MXene [172].

The synthesis technique and subsequent delamination agent affect
the hydrophilicity of MXene [169]. Additionally, treating MXene with
alkaline solutions increased the oxygen‑fluorine ratio within its func-
tional groups, notably increasing the presence of -OH groups. This
treatment significantly enhanced the hydrophilicity of MXenes [173].

3.4. Mechanical properties

MXene demonstrates outstanding physicochemical properties,
exceptional strength, and elongation, owing to its multilayered struc-
ture, making it well-suited for diverse energy applications such as Li-ion
batteries and supercapacitors. Its tensile stiffness, ranging from 81.71 to
561.4 N/m, surpasses that of conventional 2D materials like graphene
[174].

The mechanical properties of MXene significantly impact its elec-
trochemical performance in energy storage applications. Experimental
results show that incorporating polyvinyl alcohol (PVA) between MXene
flakes enhances flexibility and cationic intercalation, resulting in a
capacitance of 530 F/cm3 for the MXene/PVA–KOH composite film at a
scan rate of 2 mV s− 1 [175,176].

Additionally, the mechanical properties of Ti3C2 nanosheets are
influenced by the interaction forces between the individual layers. For
example, a Ti3C2Tx film with a thickness of 940 nm exhibits a tensile
strength of 570 MPa and a Young’s modulus of approximately 20.6 GPa
[177].

The Hybrid dispersions of MXene/CNF are created by blending
delaminated (d- Ti3C2Tx) MXene flakes with carboxymethylated cellu-
lose nanofibers (CNFs) at various mass ratios, as shown in Fig. 9(d).
After vacuum pressing, the resulting nanocomposite films exhibit a
significant enhancement in tensile strength to 341 MPa and Young’s
modulus to 42.8 GPa. This improvement, 1.6 times greater than the
initial MXene-CNF films, is due to stronger interconnections and a
denser structure, effectively reducing voids, as illustrated in Fig. 9(e)
[166].

Furthermore, to enhance intelligent technology, reducing product

Fig. 9. (a) Displays the work functions of MXenes with different terminations. Bare MXenes are represented by black squares, while O-terminated, OH-terminated,
and F-terminated MXenes are denoted by red circles, blue up-triangles, and cyan down-triangles, respectively. Additionally, dashed lines indicate the work functions
of Sc and Pt for comparison; (b) illustrates the contact angle of pristine MXene; (c) demonstrates the dispersion test of pristine MXene in water and toluene; (d) a
schematic representation of the dispersion of MXene-CNF hybrids (e) displays the stress-strain curves of MXene-CNF nanocomposite films both before and after
vacuum pressing.
(a) (Reprinted with permission from Ref. [163], Journal of American Chemical Society Copyright © 2016 American Chemical Society). (b–c) (Reprinted with
permission from Ref. [165], Advanced Materials Interfaces, Copyright © 2020, Wiley-VCH). (d–e) (Reprinted with permission from Ref. [166], Advanced materials,
Copyright © 2019, Wiley-VCH).
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thickness while maintaining mechanical stability is crucial for flexible
electronics. Ti3C2 MXene nanosheets achieve a tensile strength of 670
MPa at 40 nm thickness and a Young’s modulus of 120–140 GPa
perpendicular to the orientation. However, increasing defect concen-
tration from 2% to 8 % decreases the ultimate tensile strength from 21.6
to 18.9 GPa [178]. Additionally, a biopolymer based on MXene-phenyl
phosphonic diaminohexane demonstrated exceptional mechanical and
physicochemical properties [179]. Table 2 depicted the mechanical
performance of MXenes with other conventional 2D materials.

4. MXene based materials for energy storage

Global climate change and greenhouse gas emissions have been
caused by the widespread consumption of fossil fuels in recent decades
[187]. Therefore, with the objective of diminishing their dependence on
fossil fuels, numerous nations have invested substantial resources into
the advancement of sustainable renewable energy [188,189]. However,
the majority of renewable energy sources, such as tidal, wind, and solar
energy, exhibit intermittency and rely on environmental conditions for
power generation [190]. Hence, in order to store natural energy and
transform it into electricity that can be utilized by the consumers when
needed, power storage units are required. Energy storage units, such
batteries, are currently being employed in electric cars in an attempt to
lower greenhouse gas emissions [191,192]. Furthermore, to ensure a
consistent energy supply, advanced smart electrical grids necessitate
characteristics such as robust and high specific energy and power ca-
pabilities, along with exceptional long-term performance [193,194].
MXenes exhibit remarkable physical and chemical attributes, including
exceptional mechanical strength, outstanding electrical conductivity,
diverse surface terminations, hydrophilic properties, superior specific
surface area, and the capability to accommodate intercalants. These
qualities render MXenes highly suitable for energy storage applications
[195–197]. We delve into the most recent developments in nano-
engineering aimed at improving the efficiency of 2D MXenes and their
derivatives in energy storage applications, including supercapacitors
and batteries, in the upcoming sections [198].

4.1. MXenes based composite materials for supercapacitors

The inexpensive maintenance costs, longer cycling life, and high
power density of supercapacitors (SCs) are attributed to them, making
them unique electrochemical energy storage devices [199–201]. Pseu-
docapacitive, or battery-type materials and Electric double layer
capacitive (EDLC, which are among the primary classifications of elec-
trode materials in supercapacitors. They distinguish between rapid
surface ionic charge accumulation in polarized electrodes for EDLC, and
Faradic charge storage for pseudocapacitive materials. The choice of
electrode material, which affects structural stability and charge con-
duction, is the primary factor affecting SCs [202].

The effectiveness of 2-D materials as electrode materials for energy
storage arises from their significant surface area, improved conductivity,

and rapid ion diffusion kinetics [203]. Recent advancements, particu-
larly in MXenes, have significantly improved the durability and elec-
trochemical energy storage capacity of supercapacitors. The
performance of supercapacitors (SCs) depends on factors such as elec-
trode material, electrolyte selection, and potential window size [204].
Among these, the electrode material significantly influences electro-
chemical performance. MXene electrodes exhibit swift surface redox
reactions, inducing pseudocapacitive behavior in supercapacitors.
MXene’s behavior is influenced by the type of electrolyte utilized [205].
For example, in acidic electrolytes (e.g., H2SO4), MXene shows redox
pseudocapacitive behavior due to reactions with surface terminal
groups. In neutral electrolytes (e.g. Na2SO4), it exhibits electric double-
layer capacitance (EDLC) due to interactions between metal ions and
water molecules. [206].

MXenes are being explored as a valuable material for creating
composite materials in energy storage applications. MXene based com-
posites usually consists of carbon-based substances or metal oxides or
conducting polymers to boost their performance. Fig. 10 illustrates the
schematic structure of the materials used for the fabrication of MXene
based composites. The carbon-based substances or metal oxides or
conducting polymers enhance electronic conductivity, increase surface
area, and stabilize active material structures. Active components pre-
vent MXene restacking, acting as spacers to facilitate fast ion transport
and improve ion accessibility. This synergy yields superior electro-
chemical properties, especially in supercapacitor applications [207].

4.1.1. MXene/carbon based materials composite for supercapacitors
Highly conductive carbon materials, including Graphene, carbon

nanotubes (CNTs), and activated carbon, are esteemed for their expan-
sive surface area and exceptional conductivity. These materials are
extensively employed in energy storage applications due to their sig-
nificant specific surface area and superior electronic conductivity,
facilitating efficient charge storage and electron transfer, ultimately
leading to enhanced rate capability [208].

To overcome challenges like self-restacking, and structural insta-
bility during cycling, MXenes are combined with carbon materials. This
blending helps manage volume expansion and collaboratively improves
the electrochemical and mechanical properties of MXene-based super-
capacitors [11].

Carbon fiber materials derived from natural biomaterials have
garnered significant interest due to their vast availability, cost-
effectiveness, exceptional electrical conductivity, and environmental
benefits. Recently, a novel hierarchical porous structure, called “skin/
skeleton”-like MXene/biomass-derived carbon fibers (MXene/CF) het-
erostructure, has been developed via a one-step pyrolysis process. When
employed as a self-supporting electrode in supercapacitors, this MXene/
CF heterostructure demonstrates a significant capacitance of 7.14 F
cm− 3, with impressive rate capability and exceptional cyclic stability,
retaining 99.8 % of its capacitance even after 5000 cycles [209].

Activated carbon’s affordability, porous structure, extensive surface
area, and strong electrical conductivity make it an excellent choice for

Table 2
Mechanical performance of MXenes and other 2D materials.

Material Type Thickness (nm) Tensile strength (GPa) Young’s modulus (GPa) Measurement technique Ref.

Ti3C2Tx Monolayer 0.98 15.4 483.5 AFM deflection [180]
Ti3C2Tx Monolayer 1.6 17.3 ± 1.6 333 ± 30 AFM deflection [142]
Nb4C3Tx Monolayer 1.26 – 386 ± 13 AFM deflection [181]
Graphene Monolayer 0.335 130 1000 AFM deflection [182]
MOS2 Monolayer 0.65 – 270 ± 100 AFM deflection [183]
Boron nitride (BN) Monolayer 0.65 – 865 ± 7.3 AFM deflection [184]
Tungsten disulfide (WS2) Monolayer 0.62 47 ± 8.6 302.4 ± 24.1 AFM deflection [185]
Tungsten diselenide (WSe2) Monolayer 0.65 38 ± 6 258.6 ± 38.3 AFM deflection [185]
Tungsten ditelluride (WTe2) Monolayer 0.71 6.4 ± 3.3 149.1 ± 9.4 AFM deflection [185]
Tungsten nitride (WN) Few layer 4.5 – 390 ± 10 AFM deflection [186]
Tungsten nitride (WN) Few layer 12 – 390 ± 10 AFM deflection [186]
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Fig. 10. MXene based composite materials.

Fig. 11. (a) Schematic illustrating the synthesis process of the sandwich-like MXene/CNT papers (b) digital images displaying a flexible and free-standing layered
structure composed of MXene and carbon nanotubes (CNTs) paper (c) SEM images of Ti3C2Tx/MWCNT paper (d) volumetric capacitances measured at various scan
rates for Ti3C2Tx and Ti3C2Tx/CNT electrodes (e) Ti3C2Tx/MWCNT electrode cycling stability at 10 A g − 1.
Reprinted with permission from Ref. [214], Advanced materials, Copyright © 2014, Wiley-VCH).
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supercapacitors. Investigating further, a composite of MXene and acti-
vated carbon (AC) was thoroughly studied, showcasing remarkable
performance. It exhibited a notable capacitance of 126 F g− 1 and
impressive stability, retaining 57.9 % capacitance even at a high current
density of 100 A g− 1 in an organic electrolyte [210].

Moreover, an electrode structure formed by acid-activated carbon
and MXene materials can create a three-dimensional conductive
network. These electrodes demonstrate a high specific capacity of 378 F
g− 1 at 0.5 A/g and maintain good capacitance, with 88.9 % retention at
30 A/g [211].

In a separate study, Carbon-encapsulated Ti3C2Tx (Ti3C2Tx@C) was
synthesized via a hydrothermal process and utilized in inkjet printing for
flexible micro-supercapacitors. Agarose served as a carbon source,
facilitating the formation of phenolic carbon on Ti3C2Tx sheets during
heating. This method prevented oxidation and aggregation of Ti3C2Tx
while increasing active sites and enhancing ion diffusion. Consequently,
the MXene sheets exhibited a capacitance of 736 F⋅g− 1 at 2 A⋅g− 1 [212].

For the production of a 3D hybrid foam called MGC for solid-state
supercapacitors, a simple template method was employed. This struc-
ture enhances both electron and ion transport. The MGC electrode
achieved a capacitance of 276 F⋅g− 1 at 0.5 A⋅g− 1, owing to the syner-
gistic combination of its components and structure. Furthermore, it
maintained structural integrity even under an 80 % compressive strain
and displayed remarkable flexibility and stability at various angles
[213].

One-dimensional nanostructured materials like carbon nanotubes
(CNTs) have been extensively studied for energy storage due to their
exceptional properties. To capitalize on this, sandwich-like MXene/CNT
composite electrodes were synthesized (Fig. 11(a)). Upon separation
from filter membranes, these electrodes form substantial, self-
supporting sheets with thicknesses ranging from 2 to 3 μm (Fig. 11
(b)). The sandwich-like structure of MXene and CNT layers is evident
(Fig. 11(c)). Notably, sandwich-like Ti3C2Tx/rGO sheets exhibit superior
capacitive and rate performances, achieving a high volumetric capaci-
tance of 435 F cm− 3 at 2 mV s− 1, with excellent cyclic stability over
10,000 cycles (Fig. 11(d, e)) [214].

Furthermore, aiming for both high performance and cost-
effectiveness, a Ti3C2Tx/SCNT self-assembled composite electrode was
synthesized via vacuum filtration. This electrode demonstrates
remarkable electrochemical properties, including a high areal capaci-
tance of 220 mF cm-2 and 95 % capacitance retention after 10,000 cy-
cles [215].

Graphene, with stronger interlayer van der Waals forces compared to
carbon nanotubes (CNTs), offers superior durability as an electrode
material. In recent research, reduced graphene oxide (rGO) nanosheets
were incorporated between MXene layers via electrostatic interaction
(Fig. 12a). The measured interlayer spacing (1.51 nm) aligns with TEM
observations (Fig. 12(b)). Galvanostatic charge/discharge curves of the
MXene/rGO electrode (Fig. 12(c)) indicate its pseudocapacitive nature,
achieving a volume capacitance of 1040 F cm− 3 at 2 mV s− 1 (Fig. 12(d)),
with 61% capacitance retention and extended cycle life at 1 V s− 1. These
findings drive interest in MXene/carbon composites for portable
supercapacitors [216].

Furthermore, current research aims to enhance supercapacitor
electrode performance by employing Ti3C2Tx/graphene composites.
Electrochemical assessments showed that capacitors incorporating gra-
phene exhibited over 1.5 times higher capacitance compared to those
without graphene [217].

4.1.2. MXene/metal oxide for supercapacitors
Transition metal oxides exhibit superior electrical conductivity po-

tential, synergistic effects, and the ability to undergo multiple valence
changes in comparison to bimetallic transition metal oxides. Examples
like MnO2, MoO3, NiO, CuO, ZnO SnO2, WO3 and RuO2 display excep-
tionally high pseudocapacitance compared to carbon materials [218].
Intercalating pseudocapacitive materials into MXene improves areal
capacitance and prevents self-restacking. Hybridizing Metal Oxides with
MXene shows promise for high-performance supercapacitors, but the
right combination is crucial for optimal results. This enhances energy
density and cycle stability, overcoming inherent limitations of super-
capacitors [176,219].

In the past few years, a TiO2-decorated Ti3C2 MXene based composite

Fig. 12. (a) Diagram depicting the process of synthesizing MXene/rGO hybrids, (b) Transmission Electron Microscopy (TEM) photographs showcasing the MXene/
rGO-hybrid composite, (c) Galvanostatic Charge-Discharge (GCD) plots displaying the performance of the MXene/rGO-hybrid composite electrode across various
current densities, and (d) evaluation of volumetric capacitance and cycling stability under different current densities.
(Reprinted with permission from Ref. [216], Advanced Functionals Materials, Copyright © 2017, Wiley-VCH).
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has been explored for supercapacitor electrode material. In a research
study, this hybrid composite displayed a specific capacitance of 143 F
g− 1 at a rate of 5 mV s− 1, outperforming pure MXene by 1.5 times in
terms of capacitance. Furthermore, it demonstrated excellent cycling
stability, retaining 92 % of its capacitance even after 6000 cycles [220].

Further, research work has been extended to enhance the perfor-
mance of supercapacitor electrode by utilizing a sandwich-like structure
of ZnO nanoparticles decorated on Ti3C2. It was found that specific
capacitance enhanced by of 120 F g− 1 at 2 mV s− 1 and excellent cycling
stability, retaining 85 % of its capacitance after 10,000 cycles at 5 A/g.
The outcome of the study demonstrated that the Ti3C2/ZnO composite
could be employed for supercapacitor applications [221].

Additionally, the other metal oxides were also investigated by the
worldwide researchers. In one of the studies MnO2 directly onto s-
MXene/CC have been examined to improve the overall electrochemical
traits of the composite compare to the existing one. Fig. 13(a) depicted
the synthesis of MXene using HF etching followed by deposition on
MnO2 directly onto s-MXene/CC, as illustrated in Fig. 13(b). The three-

layer structure of the composite and a rod-like morphology of MnO2
were confirmed by SEM analysis shown in Fig. 13(c). Remarkably, the
MMC as shown in Fig. 13(d) demonstrated an exceptional retention rate
of 83 % after 10,000 charge-discharge cycles, indicating its remarkable
stability and long cycle life [222].

In continuation a new type of pseudocapacitive material W18O49/
Ti3C2Tx was prepared. This heterostructure displayed superior super-
capacitor performance, achieving a capacitance of 696.2 F g− 1 at 1 A
g− 1, along with outstanding cyclic retention of 99.7 % over 6000 cycles
[223].

In another research, a series of NiO2/MXene hybrids was developed
by varying compositions, including 5 %, 10 %, 15 %, and 20 % nickel
oxide content. Among these, the 15 % NiO2/MXene composite electrode
exhibited the highest capacitance of 1542 F g− 1 at a current density of 6
mA cm− 2 in a 1 M KOH electrolyte. The study suggests that the 15 %
NiO2/MXene composite holds promise as an anode material for all-solid-
state supercapacitor applications [224].

Furthermore, a new method for fabricating flexible electrodes for

Fig. 13. (a) Illustrates the synthesis process of s-MXene. (b) The preparation of MnO2/MXene/CC composite. (c) SEM images in depict the structure of the MnO2
nanorods/MXene/CC composite. (d) The cycling performance of the device over 10,000 cycles.
(Reprinted with permission from Ref. [222], Journal of Alloys and compounds, © 2019 Elsevier).
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supercapacitors using ascorbic acid-treated MXene/SnO2 hetero-
structures. Their material exhibited a notable specific capacitance of
643 F g− 1 and displayed excellent electrochemical stability, retaining
98 % of its capacitance after 1000 cycles. Furthermore, the MXene/SnO2
composite demonstrated high resistance to environmental humidity
[225].

4.1.3. MXene/conducting polymer for supercapacitors
Conducting polymers offer unique advantages for wearable super-

capacitors compared to other pseudocapacitive materials, due to their
inherent flexibility and conductivity [226]. MXene, a promising elec-
trode material for high-performance applications in supercapacitors,
faces challenges typical of other two-dimensional materials, notably
restacking, which hinders ion transport within the electrode [227]. This
restrains specific capacitance and rate capability. MXene/conducting
polymer composites, much like conducting polymers, can achieve high
capacitance in acidic electrolytes. Currently, various conducting poly-
mers, including polyaniline (PANI) [228], (PEDOT) [228], Polypyrrole
(PPy) [229], PDA [230], and polyfluorene derivatives (PFDs) [231],
have been combined with MXenes to create hybrids with outstanding
electrochemical performance.

PEDOT, renowned for its outstanding chemical and electrochemical
durability, high conductivity, and fast redox reactions, is extensively
researched as a conducting polymer for supercapacitors. A flexible
composite film of aligned Mo1.31C MXene and PEDOT: PSS was pro-
duced using vacuum co-filtration on a mixture solution, followed by
treatment with concentrated H2SO4. This process resulted in a flexible
film exhibiting a high volumetric capacitance of 1310 Fcm− 3 in a 1 M
H2SO4 electrolyte [228].

In an additional investigation, researchers examined the impact of
mass loading by creating a composite electrode film of Ti3C2Tx/PANI.
This resulted in a specific capacitance of around 383 F g− 1 at a scan rate
of 20 mV s− 1 in a 3 M H2SO4 electrolyte [228].

Furthermore, to enhance performance, organ-like nanocomposites of
Ti3C2Tx/PPy were created through a low-temperature chemical oxida-
tion process, polymerizing pyrrole monomers directly onto Ti3C2Tx
nanosheets. This method resulted in well-dispersed polypyrrole, as

shown in Fig. 14(a, b) with Ti3C2Tx nanosheets acting as a framework to
control PPy growth and prevent self-aggregation, thereby enhancing
composite stability. The uniform PPy nanoparticles expanded the
interlayer spacing within Ti3C2Tx nanosheets (Fig. 14(c)). The optimized
Ti3C2Tx/PPy composite electrode achieved a specific capacitance of
184.36 F g− 1 at a scan rate of 2 mV s− 1 and maintained 83.33 % of its
initial capacitance after 4000 charge-discharge cycles at a current den-
sity of 1 A g− 1 (Fig. 14(d)). This method is cost-effective and scalable for
producing Ti3C2Tx/PPy composites [229].

MXene-based composites are being more frequently employed in the
production of supercapacitors because of their elevated specific capac-
itance, strong mechanical properties, and improved conductivity [232].
As illustrated in Table 3, MXene/Carbon Composites are highly regarded
for supercapacitor electrodes due to their excellent electrical conduc-
tivity, good cyclic stability, and high surface area. These features make
them ideal for applications demanding long-term stability and high-

Fig. 14. (a) A schematic illustrating the fabrication process of Ti3C2Tx/PPy composites. (b) A scanning electron microscopy (SEM) image displaying Ti3C2Tx/PPy. (c)
A comparison of specific capacitance among Polypyrrole, Ti3C2, and Ti3C2/Polypyrrole at different scan rates. (d) Cycling performance curves at 1 A g− 1.
(Reprinted with permission from Ref. [229], Ceramics International, © 2019 Elsevier).

Table 3
Advantages and disadvantages associated with different MXene based
composites.

MXene based
composites

Advantages Disadvantages Ref.

MXene/
carbon
based
composite

• High electrical
conductivity

• High surface area for
charge storage

• Good Cyclic stability
• Enhanced
mechanical strength

• Limited
pseudocapacitance

• High cost
• Potential for
aggregation of carbon
materials

[236,237]

MXene/metal
oxides based
composite

• High
Pseudocapacitance

• High energy density
• Good structural
stability

• Lower electrical
conductivity

compared to carbon
materials

[234,238]

MXene/
conducting
polymers
based
composite

• Good flexibility and
mechanical strength

• Enhanced
capacitance

• Stability issues
• Moderate electrical
conductivity

[239,240]
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power density [205,233]. However, for applications that prioritize
higher energy density over slightly reduced conductivity and cyclic
stability, MXene/Metal Oxides Composites may be more appropriate
because of their superior pseudocapacitance [234]. If flexibility is
required, MXene/Conducting Polymers Composites might be a better
choice, despite their stability issues [235].

Overall, MXene/Carbon Composites offer a well-balanced perfor-
mance, combining the strengths of both MXene and carbon materials.
They provide a good mix of high conductivity, stability, and capaci-
tance, making them suitable for a variety of supercapacitor applications.
Their future outlook involves propelling energy storage innovations
through the creation of resilient, high-capacity supercapacitors, thereby
fostering the evolution of effective and eco-friendly energy solutions
[176,207]. Table 4 shows the electrochemical performance of MXene
based supercapacitors.

4.2. MXene based materials as an electrode material for batteries

MXene batteries, recognized for their exceptional performance and
rapid charging abilities, stand ready to revolutionize portable elec-
tronics and electric vehicles due to their dependable operation and
effectiveness [56]. MXenes exhibit a layered structure that provides
numerous remarkable advantages for the storage of electrochemical
energy i.e.:

i) Its unique layered structure enables low diffusion energy barrier
and fast ion diffusion

ii) Fast electron transport becomes possible by its high electrical
conductivity

iii) Its surface has a large number of functional groups, which facil-
itate the formation of a strong and adequate bond with other
materials

iv) large surface area

These features enabled MXenes for high-performance electro-
chemical energy storage devices, including metal-ion batteries and SCs
[206]. These developments address various requirements across
different types of batteries, from lithium-ion batteries for electric

vehicles to emerging alternatives like Na+, K+, Zn2+, Mg2+, and Al3+-ion
batteries, reflecting a growing interest in cost-effectiveness and high-
safety battery substitutes [267]. Fig. 15(a) illustrates significant

Table 4
MXene and its composites for use in supercapacitors.

MXene-based composites Material Electrolyte Specific capacitance (F g− 1) Cycles Capacity retention (%) Ref.

MXene–carbon composite

Ti3C2 KOH 124 6000 87 % [241]
N–Ti3C2Tx 1 M H2SO4 192 10,000 92 % [242]
Ti3C2Tx hydrogel 3 M H2SO4 226 10,000 97 % [243]
Polyaniline/MXene (V2C) H2SO4/PVA 337.5 10,000 97.6 % [244]
Ti3C2Tx/C 1 M H2SO4 364.3 10,000 99 % [245]
MXene/graphene 3 M H2SO4 335.4 20,000 100 % [246]
MXene/AC 1 M Et4NBF4/AN 126 10,000 92.4 % [247]
Ti3C2Tx/CDs 1 M H2SO4 144 10,000 101.1 % [248]
d- Ti3C2Tx/CNT 1 M MgSO4 150 10,000 100 % [214]
Ti3C2Tx/CNT 1 M Na2SO4 167 10,000 89 % [249]
MnO2/MXene/CNT 1.0 M Na2SO4 181.8 5000 91 % [250]

MXene–metal oxide composite

MXene/MnO2/polyaniline 1 M Na2SO4 216 5000 74 % [251]
Fe2O3/Ti3C2Tx 3 M H2SO4 584 13,000 121 % [252]
MXene/V2O5 film 1 M H2SO4 319.1 5000 70.4 % [253]
MoO3/D-Ti3C2Tx 1 M H2SO4 545 5000 90 % [254]
MnO2/Ti3C2Tx 1 M Na2SO4 130.5 1000 100 % [255]
MXene/Ag NWs/cellulose PVA/H2SO4 505 500 90.9 % [256]
MnO2 @MXene/CNTF 1 M Na2SO4 181.8 5000 91 % [250]
WO3–Ti3C2 0.5 M H2SO4 566 5000 92.33 % [258]
Ti3C2Tx/AuNPs 1 M H2SO4 278 10,000 95 % [260]
MXene/MnO2/CC 3 M KOH 511.2 10,000 83 % [261]

MXene–polymer composites

MXene/PANI 1 M H2SO4 661 10,000 91.2 % [262]
Ti3C2Tx/PPy 1 M Na2SO4 184 4000 83.33 % [229]
Ti3C2Tx/PANI-NTs 1 M H2SO4 597 5000 87.5 % [263]
AC//MXene/PANI 7 M KOH 262 10,000 90.82 % [264]
PPy/Ti3C2Tx film PVA/H2SO4 gel electrolyte 420.2 10,000 86 % [265]
PANI@TiO2/Ti3C2Tx 1 M KOH 188.3 9000 94 % [266]

Fig. 15. (a) Illustrates a schematic timeline depicting the significant milestones
achieved through in situ growth engineering on 2D MXenes for rechargeable
batteries. (b) Number of journal publications on MXenes for LIBs, SIBs and KIBs
batteries applications, searched with keywords “MXene Supercapacitor” and
“MXene battery”.
Source: (http://apps.webofknowledge.com, 2016 to 2024).
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progress in in-situ growth engineering for 2D MXenes in rechargeable
battery applications [268]. Fig. 15(b) depicts the annual publication
count from 2016 to 2024 for papers concerning MXene-based batteries.
Over the past decade, battery research has surged, particularly with the
dominance of lithium-ion batteries (LIBs) in the energy storage market.
Despite their widespread use, LIBs face limitations in energy density,
driving interest towards alternatives like lithium‑sulfur (Li–S), sodium,
and potassium-based batteries [269,270]. Additionally, there’s a focus
on developing new anode materials with higher capacities and longer
lifetimes. With the rise of electric vehicles, there’s a demand for robust
power systems, prompting the search for materials like MXenes known
for their potential in high-power lithium-ion battery applications [271].
Theoretical computational study suggests that MXenes are highly
promising contenders for numerous energy storage applications.
MXenes’ unique properties make them attractive materials for battery

applications. The theoretical capacity for Li intercalation of bare Ti3C2
was predicted to be 320 mA h g− 1 [272]. On the other hand, the storage
capacity of Li+ is limited by the presence of–F or -OH on the surface of
MXene. In actuality, the capacity was only around 130 mA h g− 1 for
Ti3C2F2 and 67 mA h g− 1 for Ti3C2(OH)2, as reported [273].

In the past few years, Ti2C MXene, when subjected to hydrogen
peroxide (H2O2) treatment, serves as the anode material in lithium-ion
batteries (LIBs). MXene sheets increase up as a result of the H2O2
treatment, forming TiO2 nanocrystals on the sheet surface. The MXene
treated with H2O2 exhibited superior rate capability (150 mA h g− 1 at 5
A g− 1) and an increased discharge specific capacity (389 mA h g− 1 at
100 mA g− 1 after 50 cycles) as compared to pure Ti2C MXenes [274]. A
new 2D Hf3C2Tz MXene, produced by hydrofluoric acid etching of
layered Hf3[Al(Si)]4C6, demonstrated a remarkable reversible capacity
of 1567 mAh cm− 3 over 200 cycles at 200 mA g− 1 for lithium-ion

Fig. 16. (a, b) SEM images depicting the layered morphology of the MXene/Ag composite. (c) Transmission electron microscopy image displays the composite. (d)
Charge-discharge behavior of the nanocomposite at 1 C. (e) Comparison of rate capacities is presented between the MXene and MXene/Ag composite. (f) Schematic
depiction of the synthesis process for cetyltrimethylammonium bromide CTAB-Sn (IV)@ Ti3C2. (g–i) SEM images depicting Ti3C2, CTAB@ Ti3C2, and CTAB-Sn (IV)@
Ti3C2. (j) Cycling performance at 2 A g− 1.
(a–e) (Reproduced with permission from Ref. [129], ACS Applied Materials & Interfaces Copyright © 2016 American Chemical Society). (f–j) (Reproduced with
permission from Ref. [279], ACS Nano Copyright © 2017 American Chemical Society).
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batteries (LIBs) [275].
Recent research has investigated the impact of different synthesis

methods on Li-ion battery performance. One study compared fluorine-
free Ti3C2Tx MXene and HF-etched Ti3C2Tx. The fluorine-free Ti3C2Tx
showed greater capacity and superior performance, achieving 106.6
mAhg− 1 at 0.5 Ag− 1 after 250 cycles with a mass loading of 1.24 mg
cm− 2, nearly twice that of the HF-etched counterpart. The improved
performance was due to a larger c-lattice parameter and the presence of
functional groups without fluorine termination [276].

To further enhance battery performance, hybrid Mg2+/Li+ batteries
are being explored for high voltage and capacity. These batteries use a
dual-salt electrolyte with Mg2+ and Li+, a dendrite-free Mg metal anode,
and a 2D Ti3C2Tx MXene with CNT cathode. A flexible Ti3C2Tx/CNT
“paper” electrode achieved about 100 mAh g− 1 at 0.1 C and around 50
mAh g− 1 at 10C. After 500 cycles at 1C, it maintained a specific capacity
of 80 mAh g− 1 [277].

MXene-based composite nanosheets demonstrate rapid and reliable
lithium storage capabilities. They address challenges such as self-
restacking and structural instability during cycling by combining
MXenes with other materials. The synergy between MXenes and these
additional components enhances overall performance. To address this,
Nb2CTx/CNT composite electrodes were prepared for LIBs. This com-
posite performed well as an anode material, with a capacity of over 400
mA h g− 1 at 0.5C and high cyclability [278].

Additionally, MXene/Ag composite composed of stacked MXene
sheets and nanosized Ag particles was synthesized. The MXene/10Ag
(Fig. 16a, b, and c) with the highest performance was developed based
on the quantity of AgNO3 aqueous solution. This sample had an excellent
initial specific capacity of around 550 mA h g− 1 (Fig. 16d). At 1C and
50C, reversible capacities of 310 mA h g− 1 and 150 mA h g− 1 were
attained (Fig. 16e) [129].

In another work, using a facile liquid-phase approach to synthesize
the composite of cetyltrimethylammonium bromide (CTAB)-Sn (IV)
@Ti3C2 as shown in Fig. 16(f). The SEM images of Ti3C2, CTAB@Ti3C2
and CTAB-Sn (IV)@Ti3C2 are demonstrated in Fig. 16(g, h, and i). After

4000 cycles at 2 A g− 1, the capacity retention of the CTAB-Sn(IV)
@Ti3C2//AC Li-ion hybrid capacitor was 71.1 %, demonstrating robust
cycling performance as well (Fig. 16j) [279].

Researchers are currently directing their attention towards
Rechargeable Sodium-ion Batteries (SIBs) as a compelling alternative to
Lithium-ion Batteries (LIBs). This interest stems from sodium’s similar
low potential to lithium (− 2.71 V vs Standard Hydrogen Electrode for
sodium and − 3.04 V vs SHE for lithium), its cost-effectiveness, and its
abundant availability compared to lithium. However, the larger atomic
radius of sodium (1.06 Å) compared to lithium (0.76 Å) results in slower
sodium ion diffusion kinetics and more significant volume expansion
during charging and discharging processes [280,281]. MXenes, with
high conductivity, wide interlayer spacing, and low sodium ion diffusion
barriers, show promise for flexible SIBs. However, due to the larger size
of sodium ions, SIBs have a lower theoretical capacity (315.8 mAh g− 1)
compared to LIBs. Therefore, developing novel MXene-based flexible
materials with optimized interlayer structures is crucial for enhancing
sodium ion diffusion and improving SIB performance [282].

In the past years, using the hydrothermal method, three-dimensional
flower-like structures of VO2/MXenes are synthesized as anode mate-
rials for sodium-ion batteries. These structures exhibit a reversible ca-
pacity of 280.9 mAh g− 1 after 200 cycles at a current density of 0.1 A g− 1

[283].
To improve the performance of sodium ion batteries (SIBs), Sulfur-

decorated Ti3C2 MXenes are produced through a solution soaking
technique with electrostatic attraction as shown in Fig. 17(a). Analysis
of SEM image from Fig. 17(b) confirms the presence of sulfur-containing
materials on the surface of Ti3C2 MXenes. As demonstrated in Fig. 17(c),
the sulfur-modified Ti3C2 MXene, employed as an anode in sodium ion
batteries, exhibits a reversible capacity of 135 mAh g− 1 under a signif-
icant current density of 2 A g− 1 after completing 1000 cycles [284].

Potassium offers a lower reduction potential (− 2.93 V vs SHE) and a
higher theoretical capacity (687 mAh g− 1) compared to sodium, placing
it in line with lithium and positioning it as a promising alternative for
LIBs. However, its larger ion radius leads to substantial volume

Fig. 17. (a) A diagram demonstrating the steps involved in the preparation of sulfur-decorated- MXenes (Ti3C2); (b) SEM images of sulfur-decorated Ti3C2 MXenes;
(c) the cyclic stability and Coulombic efficiencies of sulfur-modified Ti3C2 MXenes and alkali-decorated Ti3C2 MXenes at a current density of 2 A g− 1.
(Reprinted with permission from Ref. [284], Chemical Engineering Journal, © 2019 Elsevier).
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fluctuations during charging and discharging, constraining the selection
of electrode materials for PIBs. Initial calculations indicate that 2D
conductive MXenes, with their ample interlayer gaps, can accommodate
potassium ions, underscoring their potential as high-capacity anode
materials for PIBs [285].

The initial investigation shows, composites of TiO2/Ti3C2 with
expanded interlayer spacing demonstrate sustained cyclability, retain-
ing 42 mA h⋅g− 1 at a high current density of 200 mA⋅g− 1 over 500 cycles
[286].

In further research to enhance KIBs’ electrochemical performance,
researchers produced alkalized (a-Ti3C2) MXene nanoribbons through
continuous shaking treatment of pristine Ti3C2 MXene in a KOH solution
(Fig. 18a). SEM and TEM images in Fig. 18(b, c) display a-Ti3C2 nano-
ribbons (MNRs). The a-Ti3C2 anodes exhibited outstanding sodium/
potassium storage performance, with high reversible capacities of 168
and 136 mA h g− 1 at 20 mA g− 1 and 84 and 78 mA h g− 1 at 200 mA g− 1

achieved for SIBs and KIBs, respectively. Moreover, a-Ti3C2 exhibited
substantial long-term cycling performance, maintaining a discharge
capacity of approximately 50 mA h g− 1 at 200 mA g− 1 over 500 cycles
(Fig. 18d) [287]. When employed as an anode material in KIBs, it
demonstrates the potential for achieving substantial reversible capac-
ities. Table 5 outlines the performance of MXene-based materials in
battery applications. Therefore, the continued development in MXene-
based flexible electrodes has been immensely important for enhancing
storage capability and cycling stability in battery applications.

5. Challenges and future prospectives

Recently, there has been a surge in interest surrounding a novel class
of materials known as MXenes, evoking memories of the exciting ad-
vancements seen during the golden age of graphene. MXenes exhibit a
remarkable range of physical and chemical properties, presenting
promising prospects for various emerging energy applications, notably
in heavy-duty energy storage devices [303]. Despite notable advance-
ments in this rapidly evolving field, there remains considerable distance

to cover before novel MXene materials can be effectively integrated into
practical energy storage devices. MXene-based energy storage technol-
ogies, such as rechargeable batteries, supercapacitors, and ion

Fig. 18. (a) Schematic illustrating the synthesis of a-Ti3C2 MXene nanoribbons (MNRs). (b) SEM image of a-Ti3C2 MNRs. (c) TEM image of a-Ti3C2 MNRs. (d) Cycle
performance and coulombic efficiency of a-Ti3C2 MNRs over a long time at 200 mA g− 1.
(a–d) (Reproduced with permission from Ref. [287], Nano Energy, Copyright 2017, Elsevier.

Table 5
Performances of MXene-based materials in LIBs, NIBs and KIBs.

Battery type Material Specific capacity
(mAh⋅g− 1)

Ref.

Li-ion
battery

Ti3C2 123.6 mAh g− 1 @ 1C [288]
Nb2CTX 170 mAh g− 1 @ 1C [289]
V2CTX 260 mAh g− 1 @ 1C [289]
Ti3C2TX/NiCo2O4 1330 mAh g− 1 @ 0.1C [290]
Nb2CTX/CNT 400 mAh g− 1 @ 0.5C [278]
Fe3O4@ Ti3C2TX 747.4 mAh g− 1 @ 1C [291]

rGO/Ti3C2TX
221 mAh g− 1 @ 50
mAg− 1

[292]

MoS2/Ti3C2TX
656 mAh g− 1 @ 50
mAg− 1

[293]

Na-ion
battery

SnS/Ti3C2TX
412.8 mAh g− 1 @ 100
mAg− 1 [294]

V2CTx 22 mAh g− 1 @ 20C [295]

Hf3C2TX
90 mAh g− 1 @ 10
mAg− 1

[296]

Ti3C2TX/Sb2O3
472 mAh g− 1 @ 0.1
Ag− 1

[123]

Ti3C2TX/VO2
280.9 mAh g− 1@ 0.1
Ag− 1 [283]

Ti3C2TX/FeS2
563 mAh g− 1 @ 0.1
Ag− 1 [298]

Ti3C2TX/TiO2
153 mAh g− 1 @ 0.6
Ag− 1

[286]

K-ion
battery

Ti3CNTx
90 mAh g− 1 @ 0.01
Ag− 1

[299]

Ti3C2TX/MoS2
290.7 mAh g− 1 @ 0.05
Ag− 1 [300]

MoSe2/MXene @C
350 mAh g− 1 @ 0.1
Ag− 1 [301]

Ti3C2-Derived Potassium
Titanate NRs

105 mAh g− 1 @ 0.1
Ag− 1

[302]
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capacitors, are currently in their early stages of development and require
substantial enhancements moving forward [196,304]. MXenes have
garnered substantial global research attention and have exhibited
considerable promise in energy storage applications due to their layered
structure, exceptional hydrophilicity, metallic properties, high mobility
of charge carriers, adjustable bandgap, and diverse surface chemistry
[305]. Despite the promising electrochemical energy storage perfor-
mance demonstrated by pure MXenes and MXene-based electrode ma-
terials, which have garnered significant achievements through extensive
academic and industrial research and applications in energy storage
devices, there remains considerable scope for further development
[306]. In spite of the superior performance of MXene based materials
still there are few challenges associated with this material that hinder
the practical utilization in energy storage application [307]. Specif-
ically, the primary obstacles to the production of high-performance
energy storage devices based on MXene materials include [308,309]:

• In the realm of acid etching techniques for producing MXenes, there
are typically low yields and considerable risks involved. Therefore,
it’s crucial to establish a synthetic approach that is both controllable
and efficient, while also prioritizing environmental friendliness and
safety. This approach should enable the synthesis of MXenes with
precise layer control, adjustable surface characteristics, expanded
interlayer spacing, and exceptional quality. Moving forward, there
should be a shift towards exploring fluoride-free and bottom-up
methods such as chemical vapor deposition and atomic layer depo-
sition, which offer promising avenues for achieving these goals
[310].

• The oxidation of MXene is linked to surface defects resulting from the
chemical etching process. This can be reduced by removing dissolved
oxygen with dry nitrogen and storing MXenes at lower temperatures.
Factors like MXene aggregation and structural properties such as
basal spacing and surface chemistry greatly affect the electro-
chemical charge storage mechanism of MXene-based electrodes.
[311].

• MXenes are typically obtained by removingmain group elements like
Al or Si through etching the MAX phase. Despite using techniques
like XRD, EDS, XPS, and NMR, pinpointing precise surface termina-
tion groups on MXenes remains challenging. Our understanding of
MXenes’ surface/interface chemistry is limited, making theoretical
simulations essential for correlating performance with structure.
However, experimental findings are crucial for validating these
theories, especially considering MXenes’ importance in energy ap-
plications [312].

• Research on MXenes beyond Ti3C2Tx is limited. While over 70 % of
publications focus on titanium-based MXenes (Ti-MXene), this has
laid the foundation for customizable 2D MXene materials. Yet,
numerous other transition metals show promise for broader appli-
cations. Exploring novel MXenes for energy storage devices holds
great potential and is an area ripe for exploration. There’s growing
interest in using theoretical and computational techniques to explore
non‑titanium MXenes [313].

• The continuous progress of MXene-based materials encounters hur-
dles like restacking and instability in oxygen-rich environments.
Overcoming this requires strategic structural designs and precise
morphological manipulation of electrodes. Creating 3D porous ar-
chitectures, aerogels, and applying coatings can enhance stability
and performance [314].

• Theoretical investigations need to account for the diverse distribu-
tion of surface groups and stacked layers in MXenes to provide ac-
curate property predictions and experimental guidance.
Incorporating simulations with advanced computational techniques
such as machine learning, Density Functional Theory (DFT), and
high-throughput computation is crucial for comprehending surface
chemistries and interfaces. Further, there’s a need for improved

theories, predictive models, and computing tools to bridge the gap
between predictions and experimental results at a lower cost [315].

• Most of the research on MXene batteries has focused on coin cells,
primarily aiming to characterize the electrochemical properties of
the active materials. However, there is a growing need to develop
and integrate pouch-type batteries and supercapacitors into flexible
or wearable electronics in the future. Therefore, it is essential to
prepare by expanding the supply of solid-state electrolytes capable of
accommodating the exceptional characteristics of MXene-based
versatile electrodes [316].

MXene based electrode materials show great promise across various
applications due to their unique nanostructures, large surface areas, and
customizable compositions. Ether-based electrolytes can boost capaci-
tance and extend cycling life in energy storage devices, while aqueous
electrolytes are favoured for their eco-friendly, safe, and scalable char-
acteristics. There’s also anticipation for thinner and more stable elec-
trode/electrolyte interfaces to improve storage efficiency and mitigate
volume changes. Overcoming these challenges will be pivotal in
advancing MXene-based materials in energy storage applications.
Despite the challenges mentioned earlier, MXene-based electrode ma-
terials offer promising prospects not only in energy storage and con-
version but also in catalysis, environmental protection, and
biomedicine. Understanding the electrochemical charge storage mech-
anism of MXene-based materials requires significant efforts, innovative
ideas, and advanced research methods.

6. Conclusions

This review offers a comprehensive overview of the latest advance-
ments in MXene-based materials for energy storage applications, with a
particular focus on supercapacitors and batteries. The synthesis methods
for MXenes, including both top-down and bottom-up approaches
including their limitations and future prospects were discussed in detail.
The review highlights the notable properties of MXenes, such as struc-
tural stability, electronic characteristics, hydrophilicity, and mechanical
properties. Emphasis is placed on MXenes’ role in energy storage de-
vices, driven by their outstanding electrochemical performance, high
specific surface area, excellent electrical conductivity, and unique
interlayer spacing, which facilitate efficient charge storage and rapid ion
diffusion. The review integrates a data-driven perspective on research
trends and explores various composite configurations of MXenes,
including those with carbon, metal oxides, and conducting polymers, for
their potential in enhancing the performance of supercapacitors and
MXene-based electrodes for batteries. It discussed the challenges and
future prospects of MXene in energy storage applications, offering
practical insights and strategies for enhancing stability, scalability, and
overall performance. Ti₃C₂Tₓ MXene boasts high electrical conductivity
(25,000 S cm− 1), tensile strength (up to 570 MPa), and a Young’s
modulus of 333 ± 13 GPa. Sc₂CF₂ MXene shows remarkable thermal
conductivity (722 W/m⋅K), while Ti₃CNTₓ offers EMI shielding effec-
tiveness of 116 dB. Delaminated Ti₃C₂ MXene electrodes deliver a spe-
cific capacitance of up to 654 F g− 1, highlighting MXene’s potential in
practical applications. Ultimately, the review serves as a comprehensive
analysis of recent research and a guide for future research directions in
harnessing MXenes to address global energy and sustainability
challenges.
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