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Supercapacitors are widely recognized as a favorable option for energy storage due to their higher power

density compared to batteries, despite their lower energy density. However, to meet the growing demand

for increased energy capacity, it is crucial to explore innovative materials that can enhance energy storage
efficiency. Recent research has focused on investigating various electrode materials for use in
supercapacitors, with particular attention given to MXenes. MXenes exhibit immense potential for energy
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storage due to their unique characteristics, including a 2D van der Waals layered structure, small band
gaps, hydrophilic surface, excellent electrical conductivity, high specific surface area, and active redox

sites on the surface facilitated by transition metals. These attributes collectively contribute to their
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promising stability, energy and power density, and overall lifespan. This comprehensive review explores
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a diverse array of topics pertaining to the latest 2D MXene-based supercapacitor electrodes. It
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encompasses discussions on different synthesis methods, electrode structures, the underlying working
mechanisms, and the impact of electrolytes on supercapacitor performance. Additionally, a concise
overview of various types of MXene materials is presented, ranging from titanium-based MXenes to
niobium-based MXenes, vanadium-based MXenes, molybdenum-based MXenes, and tantalum-based
MXenes. Furthermore, this review focuses on electronic structure engineering strategies such as
heterostructures based on MXenes, heteroatom-doping based on MXenes, polymer based MXenes, and
ternary composites based on MXenes, all of which contribute to improving the electrochemical
performance of supercapacitors. The review thoroughly examines the advantages and disadvantages of
MXene-based supercapacitor electrodes, offering a comprehensive understanding of their strengths and
limitations. Additionally, it discusses the structural stability of MXene-based electrodes after
electrochemical testing, as well as their applications in daily human life, particularly focusing on the uses
of MXene-based flexible wearable energy storage for real-world applications. In the end, the challenges

and prospects of MXenes in supercapacitors are discussed.

1. Introduction

Rapid technological advancements have fueled the global
demand for portable and wearable electronic devices such as
mobile phones, healthcare devices, and implantable medical
devices.' As these devices continue to evolve, there is a growing
need for high-performance energy storage solutions due to the
escalating power consumption.*® Among the electrochemical
energy storage systems, supercapacitors, fuel cells, batteries,
and conventional capacitors stand out as promising candidates
for future energy storage devices.*” In the energy storage
system, supercapacitors outperform batteries, fuel cells and
conventional capacitors with their higher power density, faster
charge-discharge rate, and longer cycling life, making them
superior to other energy storage systems.®® Supercapacitors
function on the principle of electrostatic energy storage,
utilizing the electrostatic attraction of opposite charges at the
interface between high-surface-area electrodes and an electro-
lyte.*>*>* When charged, ions from the electrolyte accumulate on
the electrode surfaces, forming a double layer of charge. This
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process allows for the rapid storage and release of electrical
energy."® Supercapacitors can be categorized into three charge
storage mechanisms. The first is the electric double-layer
capacitance (EDLC), which stores charge electrostatically at the
surface of the electrode or electrolyte.®** The second is pseu-
docapacitance, which employs a quick and reversible electro-
chemical process at the surface of the electrode to store
charge.”'* Pseudocapacitive materials store charge in two ways:
(i) through surface redox reactions and (ii) by electrolyte ion
intercalation into the electrode.®*>'® The third mechanism
utilized by supercapacitors is the combination of EDLC and
pseudocapacitance, often referred to as battery-type super-
capacitance.”**'® These devices incorporate both the electro-
static charge storage of EDLCs and the rapid and reversible
electrochemical processes of pseudocapacitance.

Numerous materials have been investigated for use as elec-
trode materials in supercapacitors, including carbon-based
materials,"”'® transition metal oxides,’®*® transition metal
nitrides,»** transition metal dichalcogenides,®* transition
metal phosphates,**?* and polymers.>**” But even though these
materials have their own benefits, they face challenges and
restrictions that prevent them from reaching their maximum
potential. For instance, pure carbon materials are restricted to
a specific capacitance of 250 F g ' and have limited energy
density in practical applications.”® On the other hand, while
transition metal oxides (TMOs), transition metal dichalcoge-
nides (TMDs), transition metal nitrides (TMNs), transition
metal phosphates (TMPs) and polymers have shown improved
energy density, they struggle to maintain long-term cycling
stability.”*=** These limitations significantly hinder the practical
use of these materials as electrodes in supercapacitors.”
Therefore, it is crucial to investigate new electrode materials for
supercapacitors that are affordable, have a high capacity for
storing power and energy, and can maintain stable performance
over many charge-discharge cycles. This is important in order
to fulfill the increasing energy demands of electronic devices
and promote the development of innovative energy storage
technologies. Researchers have turned their focus to MXenes as
a promising avenue to address the aforementioned
limitations.**?** Compared to other candidates, MXenes possess
unique superiorities, pros of MXenes, and cons of other mate-
rials, as demonstrated in Fig. 1. As a member of the 2D
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Fig. 1 Schematic representation of the pros of MXenes and the cons of carbon, TMOs, TMDs, TMNs, TMPs, and polymers.

materials family, MXenes belong to the category of layered
transition metal carbides or nitrides.**” Unlike graphene,
which consists of single-atom thick sheets of sp*-hybridized
carbon atoms, MXenes exhibit a unique layered structure
similar to transition metal dichalcogenides.*®** They feature
a “sandwich” structure with a carbon or nitrogen layer sand-
wiched between two transition metal layers (such as Ti, Mo, or
W), which is a distinguishing characteristic of MXene mate-
rials.*>** In general, MXenes are obtained through the etching
process of hexagonal layered ternary transition metal carbides
and nitrides, known as MAX phase materials, as depicted in
Fig. 2(a).***® The MAX phase consists of three main
elements: M, which represents an early transition metal (e.g.,
Ti, V, and Ta); A, which is an element from group 12 or 14 (e.g.,
Al, Zn, and Si); X, which represents either carbon (C) or nitrogen
(N),** as illustrated in Fig. 2(b). During the etching process,
the “A” elements are selectively removed, resulting in the
formation of MXene materials.***” The etching process of
MXenes commonly employs HF (hydrofluoric acid) or fluoric
salt.*® This etching procedure leads to the decoration of func-
tional groups, referred to as “T,,” on the surface of MXenes.
These surface functional groups include -OH, -F, -O, and
others.*>*® These fascinating surface groups inherently offer
a significant number of active sites, enabling efficient surface
modification and effective loading of active materials.’>**
Consequently, the formula to describe the resulting MXene
material includes these functional groups, and it is represented
as M,,,1X,, Ty, where n can be 1, 2, or 3.>***

MXenes demonstrate remarkable physical and chemical
properties that set them apart, including their atomically thin
nanosheet structure, better environmental sustainability,* high
electrical conductivity (6500 S cm™'),% tunable surface chem-
istry,”” excellent thermal stability,® remarkable solubility in
water and a plentiful number of terminal groups, enabling
rapid movement of charge carriers from the bulk to the surface

This journal is © The Royal Society of Chemistry 2024

and ensuring efficient charge transport within the material,> as
depicted in Fig. 2(c). Moreover, MXene nanosheets possess an
abundance of hydrophilic surface functional groups that facil-
itate strong chemical bonding with semiconductors, leading to
enhanced interfacial charge transfer and stable interactions
with electrolytes and water molecules.®** Additionally,
MXenes, with their typical composition of atomic layers of
transition metals as the top and bottom layers, possess transi-
tion metals that exhibit strong redox activities.®**” This char-
acteristic allows them to modify the oxidation states of the
transition metal within MXene materials, resulting in high
electrochemical activity, which makes them the ideal choice for
electrode materials in supercapacitor devices.®®*”® Fig. 2(d)
depicts a trend in the number of publications on MXene-based
supercapacitor electrodes each year. The growing number of
research papers indicates that researchers maintain significant
interest in MXene-based supercapacitor electrodes as an
outstanding and active area of research.

The exceptional electrochemical properties of MXenes,
stemming from their inherent conductivity, charge transfer
capability attributed to the variable oxidation number transi-
tion metal M, and special stacking structure, have sparked
significant interest in their potential for supercapacitor
applications.””® Notably, Ti;C,T, has emerged as a representa-
tive MXene, demonstrating an impressive volumetric capaci-
tance of around 1500 F cm > (380 F g~ ') in an H,SO, electrolyte,
even at a thickness of 90 nm.” Furthermore, MXene electrode
films exhibit remarkable performance with a thickness of up to
200 micrometers, showcasing both high transparency and
conductivity.” This characteristic makes them suitable for the
development of transparent solid-state supercapacitors.” These
findings underscore the promising potential of MXenes in
advancing the field of supercapacitor technology. Conversely,
there has been considerable research focus on utilizing MXenes
in flexible wearable supercapacitors, aiming to boost their
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Fig. 2 (a) Schematic representation of the procedure involving the etching and delamination of MXene.*>4* Copy @ Elsevier 2019. Copy @
American Chemical Society 2014. (b) Arrangement of potential constituent elements of MXene in the periodic table. (c) Schematic representation
for specific interesting MXene properties. (d) Recently reported research articles on MXene-based materials for supercapacitor applications from

the Web of Science.

efficiency and performance for wearable electronics.”” In
designing flexible electronics, particularly for wearable energy
storage devices, the presence of free-standing electrodes with
outstanding  electrical conductivity and appropriate
deformability/durability is paramount.”®* MXenes, with their
chemical stability, electrochemical advantages, layered struc-
tures, high metallic conductivity, and hydrophilicity, have been
instrumental in  developing top-tier = batteries and
supercapacitors.**>

Despite numerous reviews discussing MXenes in relation to
electrochemical energy storage, there remains a dearth of
comprehensive reviews specifically focusing on Ti;C,T, and
Nb,CT,-based MXenes for supercapacitor electrodes. To date,
no reviews have been reported that encompass various MXene-
based electrodes for supercapacitors. Given the rapid growth
and promising applications of MXenes in flexible and wearable
devices, there is a pressing need for a comprehensive review
that encompasses supercapacitor electrodes based on all other
MXenes. In this review, we present a comprehensive and
systematic analysis of recent advancements in MXene-based
electrode materials for supercapacitors. We briefly examine
titanium-based MXenes (Ti;C,Ty, Ti,CTy, Ti;N3Ty, and Ti;CNT,
MXenes), niobium-based MXenes (Nb,CT, and Nb,C;T,
MXenes), vanadium-based MXenes (V,Cs;, V,C, V,CT,, and
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V,NT, MXenes), molybdenum-based MXenes (M,CT,, M;C,T,,
M,C;Ty, Mo, 33CT, and Moy 33C i-MXenes), and tantalum-based
MXenes (Ta,C;T, MXene). This overview highlights their
significant contributions to excellent electrochemical perfor-
mance and elucidates the underlying principles and mecha-
nisms. Firstly, we briefly discuss the correlation between the
structure of MXenes and their charge storage capabilities,
exploring how the specific structural characteristics of MXenes
influence their electrochemical properties. Secondly, we delve
into the energy storage mechanisms employed by MXene-based
electrodes, examining the fundamental processes that occur
during charge and discharge cycles and how MXenes facilitate
efficient energy storage. Thirdly, we address the impact of
electrolyte properties on MXenes for supercapacitor applica-
tions, investigating how different electrolytes affect the overall
efficiency as well as the cycling stability of MXene-based
supercapacitors. Fourthly, we summarize and discuss the
various synthesis strategies employed for MXenes and their
effects on supercapacitor performance. We explore different
methods used to fabricate MXenes and how these methods
influence their electrochemical properties. Fifthly, we review
the modification strategies utilized to engineer the electronic
structure of MXenes for enhancing supercapacitor perfor-
mance, examining how modifications to the MXene structure

This journal is © The Royal Society of Chemistry 2024
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can optimize their energy storage capabilities. Sixthly, we
provide a detailed analysis of the structural stability of MXene-
based electrodes during electrochemical examination. Lastly,
we provide details on the practical applications of MXene-based
electrodes for improving human life, particularly focusing on
the uses of MXene-based flexible wearable energy storage for
real-world applications. We investigate the effects of cycling and
aging on the structural integrity of MXenes and their long-term
performance as supercapacitor electrodes. This review exten-
sively examines the present obstacles and future potential of
MXene-based materials in the field of supercapacitor applica-
tions. It provides a comprehensive analysis of various topics,
including various synthesis methods, supercapacitor perfor-
mance, structure of electrodes, affecting variables, chemical
and physical properties and the benefits and drawbacks of
MXene supercapacitor electrodes. This thorough analysis aims
to offer fundamental comprehension and crucial recommen-
dations for the advancement, production, and utilization of
innovative supercapacitors.

2. Fundamentals of supercapacitors

2.1. Fundamental components influencing supercapacitor
performance

In its fundamental form, a supercapacitor comprises two elec-
trodes, an electrolyte, and a separator, mirroring the basic
structure of a conventional capacitor.”® The performance of
supercapacitors is influenced by several key components.

2.1.1 Electrode material. Electrodes stand as pivotal
components and the foremost element in supercapacitors.®
The electrochemical efficacy of supercapacitors relies heavily on
the attributes of electrode materials utilized in their creation.
Numerous researchers are dedicated to devising cost-effective,
high-performance electrode materials featuring exceptional
stability, extensive specific surface area, and superior electronic
conductivity.” Carbon-based materials are notably prominent
among the favored choices for supercapacitor electrodes,
closely followed by conducting polymers and metal oxides,
among others.

2.1.2 Electrolyte. The electrolyte in a supercapacitor is
a compound dissolved in a solvent, separating into ions. These
ions facilitate ionic conductivity between the electrodes,
enabling electric charge transport.®>*® The choice of electrolyte
significantly impacts supercapacitor performance, lifespan, and
safety. Electrolytes are typically categorized into three types:
aqueous, organic, and ionic liquids. Each class has unique
characteristics concerning the voltage range and ionic
resistance.’

2.1.3 Separator. The separator in a supercapacitor serves
a critical role in its overall functionality and safety. Essentially,
it acts as a physical barrier between the positive and negative
electrodes, preventing electrical short circuits that could occur
through direct contact between them. This function is pivotal in
ensuring the stable and reliable operation of the super-
capacitor.®**®” The choice of separator material is of utmost
importance. It must possess certain characteristics to fulfill its
role effectively. Firstly, the separator material should be inert,

This journal is © The Royal Society of Chemistry 2024
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meaning it should not react with the electrolyte or other
components of the supercapacitor, thereby maintaining its
stability over time. Additionally, the separator needs to be
permeable to electrolyte ions to facilitate their movement
between the electrodes during charging and discharging
processes. Several materials are commonly utilized in the
fabrication of supercapacitor separators.*” Polypropylene,
a widely used polymer, offers excellent chemical stability and
mechanical strength, making it a popular choice. Poly-
vinylidene difluoride (PVDF) is another commonly employed
material due to its high chemical resistance and good electro-
lyte wettability. Polyvinyl alcohol (PVA) is valued for its ability to
retain electrolyte within its pores while allowing the passage of
ions.*”%8

2.1.4 Operating voltage. The operating voltage is a critical
parameter for supercapacitors due to its direct impact on the
device's performance, safety, and lifespan. Supercapacitors
have a maximum voltage limit beyond which they can be
damaged or even fail catastrophically, which is determined by
the materials used in their construction.®” Exceeding this limit
can cause irreversible damage, reduce performance or lead to
complete failure. Moreover, the operating voltage directly
affects both the energy and power densities of supercapacitors.
Higher voltages allow for higher energy densities, crucial for
compact energy storage in applications like portable electronics
or electric vehicles. Similarly, higher voltages enable higher
power densities, advantageous for rapid energy delivery or
absorption in systems like regenerative braking in electric
vehicles.>® Additionally, maintaining voltage stability within
the specified range is essential for consistent performance
during charging and discharging cycles. Beyond safety
concerns, exceeding the voltage limit can lead to internal short
circuits or thermal runaway, risking fire or explosion. Adhering
to the recommended voltage range ensures both safety and
long-term reliability of supercapacitors and the systems they
power .2

2.2. Key parameters for evaluating supercapacitor
performance

Several key parameters are essential for evaluating the perfor-
mance of supercapacitors: capacitance, internal resistance,
energy density, power density, and cycle life.”*>**

2.2.1 Capacitance. Capacitance is a fundamental param-
eter that measures the ability of a supercapacitor to store elec-
tric charge.® It determines the amount of energy that can be
stored in the device and is typically measured in farads (F) or its
submultiples such as microfarads (uF) or picofarads (pF).

2.2.2 Energy Density. Energy density quantifies the amount
of energy that a supercapacitor can store per unit volume or
mass.® It is a crucial metric for assessing the efficiency of
energy storage systems and is often expressed in watt-hours per
liter (W h L") or watt-hours per kilogram (W h kg™ ).

2.2.3 Power Density. Power density measures the rate at
which a supercapacitor can deliver or absorb energy. It reflects
the device's ability to respond quickly to changes in demand
and is essential for high-power applications such as electric

J. Mater. Chem. A
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vehicles and industrial equipment.*® Power density is typically
measured in watts per liter (W L") or watts per kilogram (W
kg™ ).

2.2.4 Voltage range. The operating voltage range specifies
the maximum and minimum voltages within which a super-
capacitor can safely operate. Operating within this range
ensures device reliability and prevents damage due to over-
voltage or undervoltage conditions.*

2.2.5 Cycle life. Cycle life refers to the number of charge-
discharge cycles that a supercapacitor can undergo before its
performance deteriorates beyond acceptable levels. It is
a crucial parameter for assessing the long-term reliability and
durability of the device, especially in applications requiring
frequent cycling.®

2.2.6 Internal resistance. Internal resistance, also known
as equivalent series resistance (ESR), quantifies the resistance
encountered by the flow of electrical current within a super-
capacitor. Lower internal resistance results in higher efficiency
and faster charge-discharge rates, making it a critical param-
eter for high-performance applications.*®

2.2.7 Self-discharge rate. The self-discharge rate indicates
the rate at which a supercapacitor loses its stored charge over
time, in the absence of any external load. A lower self-discharge
rate signifies better retention of stored energy and longer shelf
life for the device.

3. Energy storage mechanism of
MXene based electrodes

The capacity characteristics of double-layer capacitors depend
directly on the electrode surface areas.”” EDLCs often employ
materials like mesoporous carbon and graphene, which have
notable specific surface areas, due to their ability to provide
high capacitance performances. The presence of layers and
porous structures facilitates the adsorption and diffusion of
ions, leading to significantly higher power density compared to
batteries. Nonetheless, the lower energy densities of these
materials become a drawback due to the strong correlation
between the specific surface area and capacitance
performance.>' On the other hand, pseudocapacitive elec-
trode materials such as conducting polymers, RuO,, and MnO,
are heavily influenced by the presence of redox centers on their
surfaces.”® These redox centers play significant roles in the
process of energy storage. While the chemical reactions occur-
ring on their surfaces enhance the energy density of pseudo-
capacitive materials. However, these reactions can negatively
impact the rate performance, causing it to deteriorate.’®**
Addressing these challenges, MXenes, a family of two-
dimensional (2D) transition metal carbides, nitrides, and car-
bonitrides, have emerged as promising candidates for energy
storage applications.”** MXenes' distinctive 2D structure,
consisting of transition metal layers separated by intercalated
species, provides abundant ion-accessible sites, facilitating
efficient ion diffusion and rapid charge storage. Moreover,
MXenes can be functionalized with hydroxyl (-OH) or carboxyl
(-COOH) groups, introducing additional redox-active centers
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that enhance pseudocapacitive behavior.***® These functional
groups enhance the pseudocapacitive behavior of MXenes,
allowing for both non-faradaic double-layer capacitance and
faradaic charge storage mechanisms.”” This combination of
double-layer and pseudocapacitive charge storage contributes
to the superior energy density of MXene-based electrodes. In
contrast, energy storage mechanisms, particularly involving ion
intercalation in MXene materials, are integral to the develop-
ment of hybrid supercapacitors, particularly concerning anodic
energy storage.”® MXenes, 2D transition metal carbides,
nitrides, and carbonitrides, possess a unique layered structure
conducive to ion intercalation.®® During charging, ions from the
electrolyte migrate towards the surface of MXene electrodes,
facilitated by their high surface area and active sites. Ion
intercalation then occurs, with ions inserting between MXene
layers, leading to reversible electrochemical reactions at the
electrode-electrolyte interface.'®'** This process enhances
capacitance and contributes significantly to energy storage.'”
MXene materials offer advantages such as a high surface area,
good electrical conductivity, and chemical stability, making
them promising candidates for anodic energy storage.'”
Leveraging these properties, researchers aim to develop high-
performance hybrid supercapacitors with improved energy
density, power density, and cycling stability for various appli-
cations in various fields including portable electronics, electric
vehicles, and grid energy storage systems.*®

The remarkable rate performance of MXenes stems from
their unique electronic conductivity, which is inherent to these
materials owing to the inclusion of transition metal atoms in
their structure. This feature facilitates swift electron transport
during charge and discharge processes.'®'** This high
conductivity allows for efficient utilization of active sites and
fast redox reactions, resulting in enhanced power capability and
superior rate performance. On this basis, Gogotsi et al”™
successfully achieved 310 F g~ " capacitance by fabricating a 13
um-thick mesoporous Ti;C,T, film. This capacitance was
measured at a scan rate of 10 mV s~ ' using a 3 M H,SO, elec-
trolyte. The strongly ion-accessible porous electrode design
allows for extraordinarily fast energy storage and delivery,
obtaining a capacitance of 210 F g~ " when evaluated at a scan
rate of 10 V s, in comparison to graphene supercapacitors
with a capacitance of 78 F g as well as common commercial
supercapacitors that typically exhibit a capacitance of around 80
to 200 F g~ ' using carbon electrodes.’® MXenes have demon-
strated capacitances that surpass the performance of the best-
known carbon supercapacitors. The high capacitance
observed in MXene materials is predominantly influenced by
the process of intercalation and deintercalation of electrolyte
cations across the MXene layers over the charge as well as
discharge cycles.'®'” This ion intercalation mechanism plays
an important role in the enhanced MXene capacitance perfor-
mance. According to Lukatskaya et al.,'*® when Ti;C,T, is
immersed in different salt solutions, intercalation occurs in the
majority of cases. This intercalation process leads to changes in
the c-lattice parameter, which can be observed as a downward
shift in the X-ray diffraction (XRD) patterns. These observed
changes in the XRD patterns provide evidence of ion

This journal is © The Royal Society of Chemistry 2024
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intercalation into the MXene layers, supporting the intercala-
tion mechanism in MXene-based systems, as shown in Fig. 3(a).
When evaluating the behavior of MXenes with various solutions
of salt, it has been observed that the form of cation possesses
a substantial influence upon the capacitor's performance. This
finding confirms that cations are indeed intercalating into the
MXene layers.'”® The choice of cation in the electrolyte plays
a critical role in the intercalation process, affecting the capaci-
tance and overall performance of MXene-based capacitors. By
delaminating the multilayer Ti;C,T, to form few-layer MXenes,
an excellent capacitance of 340 F cm ™ was achieved specifically
for KOH electrolytes.'® This improvement in performance can
be attributed to the enhanced ability of ion intercalation facil-
itated by the unique structure of the few-layer MXene paper.
The variation arises due to the contrasting mechanisms
involved in the intercalation of these two types. In order to
comprehend the paradox presented in MXene materials, an
analysis was conducted on the mechanical distortion of MXene
electrodes over the charging process. This analysis utilized
electrochemical quartz-crystal admittance in conjunction with
electrochemical experiments.'” The findings revealed that
cationic intercalation occurred at a similar rate to ion adsorp-
tion at the interfaces of the electrode and electrolyte. Addi-
tionally, water molecules present within the layers of MXene
also influenced the deformation of MXene particles. The rate of
cationic intercalation was observed to be comparable to that of
ion adsorption at the interfaces of the electrode and electrolyte.
Furthermore, the presence of water molecules between the
layers of MXene was found to impact the deformation of MXene
particles. The performance of MXene supercapacitors is greatly
influenced by the surface chemistry as well.>**° In their study,
Dall'Agnese et al.'' discovered that MXenes treated with
potassium hydroxide, wherein fluorine was substituted with
oxygen-containing terminals, exhibited a three-fold increase in
capacitance. This performance disparity resulting from the
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alteration of surface chemistry could potentially serve as a key
indication of the involvement of pseudocapacitance. In addi-
tion to surface chemistry and ion intercalation, the electrolyte
solvent selection is critical to the process of storing energy.”*'*
On this basis, Shpigel et al.*** reported that the incorporation of
various types of cations across the layers of MXene can effec-
tively regulate the presence of water ions within the restricted
area. Understanding the atomic-level interaction between
proton intercalation and solvent molecules is of great signifi-
cance in comprehending the MXene's pseudocapacitance in
acidic electrolytes. This is because the pseudocapacitive
behavior of MXene in such electrolytes is primarily governed by
protonation reactions. Tests of proton movement within
different layers of restricted water, as depicted in Fig. 3(b),
revealed that the redox and transport of protons were closely
linked to the thickness of water in the restricted space."** Highly
confined monolayer water exhibits greater surface redox reac-
tivity compared to less confined environments.

The coefficient of diffusion of protons increases with the
number of water layers until it reaches the value observed in
bulk water."* Structured water can be generated among the
layers within a confined area, leading to the establishment of
a rapid network for proton transfer through the Grotthuss
process.'™** The restricted voltage windows of aqueous elec-
trolytes pose a challenge to the advancement of MXene super-
capacitors. Despite the importance of developing MXene
supercapacitors with higher voltage windows using organic
systems, there have been relatively few studies investigating the
pseudocapacitive mechanism of MXene in organic electrolytes.
In their research, Wang et al.'*® discovered that the energy
storage  process of  TizC,T, in lithium  bis(tri-
fluoromethanesulfonyl) imide (LiTFSI) electrolytes is influenced
by the choice of organic solvents. By choosing LiTFSI in
propylene carbonate (PC) as the organic electrolyte, desolvated
lithium ions are effectively inserted into the Ti;C,T, interlayer.
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Fig. 3 (a) Exploring the structure of TizC,T, multilayers using electrochemical in situ X-ray diffraction. The vertical dashed lines show where the
(0002) peak for the TisC,T, electrodes started before being placed in a cell. The slanted arrows point to the direction of the shift in the (0002)
peak. The smaller pictures show the cycling direction and how the c lattice parameters change during cycling. In both KOH and MgSO,4
electrolytes, the size decreases during cathodic polarization.?* Copy @ American Association for the Advancement of Science 2013. (b)
Correlation between water layer confinement and declining rate constants in proton surface redox.*** Copy @ American Chemical Society 2018.
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This process results in pseudocapacitive charge storage, show-
casing the significance of the selected electrolyte in enhancing
energy storage capabilities. This finding highlights the signifi-
cance of the electrolyte composition in influencing the energy
storage mechanism of Ti;C,T,. If the solvent had been trans-
formed into acetonitrile (ACN) or dimethyl sulfoxide (DMSO),
a reduction in capacitance was observed. This decrease can be
attributed to the co-insertion of solvent molecules, which
impacts the charge storage process in TizC,Ty.

4. Electrolyte impact on the
performance of MXene supercapacitor
electrodes

MXenes, a family of 2D materials, exhibit promising potential
as electrolytes in supercapacitor applications. Central to their
functionality is the intricate interplay between ions in the
electrolyte solution and the MXene surface.'”” When immersed
in the electrolyte, MXenes attract ions through electrostatic
forces, initiating a desolvation process crucial for effective ion
interaction."®'® As ions approach the MXene surface, solvent
molecules surrounding them are shed, facilitating desolvation.
This process primes ions for efficient charge transport.*”***
Moreover, the resulting solvation sheath, enveloping desolvated
ions, plays a pivotal role. Its structure, shaped by various factors
including ion nature and solvent properties, influences ion
mobility and diffusivity near the MXene surface.’” Conse-
quently, understanding the desolvation process and solvation
sheath structure is paramount for tailoring MXene-based elec-
trolytes with enhanced ion transport characteristics, thereby
advancing the performance of energy storage devices.?*>'?*>*

The choice of electrolyte can significantly impact the
performance and behavior of MXene electrodes.'*** The
electrolyte plays a crucial role in facilitating ion transport and
charge storage within the electrode material.”***** Different
electrolytes have varying properties such as ion concentration,
pH, and specific ion interactions, which can affect the electro-
chemical behavior of MXene electrodes.’® In this section, we
discuss the influence of different electrolytes, including
aqueous electrolytes, ionic liquids, and organic electrolytes, on
MXene electrodes.

4.1. Aqueous electrolyte

Sulfuric acid electrolyte is commonly used as an aqueous elec-
trolyte in various energy storage devices. In this electrolyte, the
cation present is the small-sized hydrogen ion (H+), which can
easily permeate through the nanosheet layers of MXene."** This
characteristic leads to high ionic conductivity within the
material. When MXene is immersed in a sulfuric acid electro-
lyte, the dominant mechanism for energy storage involves
reversible redox reactions taking place at the surface of the
MXene material, which include the adsorption and desorption
of ions.””®" On this basis, Wang et al.'*® reported that the
intercalation of hydrogen ions in the sulfuric acid electrolyte
causes the protonation of the oxygen functional groups present
on the Ti;C,T, MXene surface. This protonation process results
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in the growth of hydroxyl groups on the surface.”*** In H,SO,
electrolyte, the number of SO, and HSO,~ ions can increase
or decrease depending on the applied potentials on the negative
electrode. This phenomenon is attributed to ion exchange
processes that occur during the discharging of the electrode.
During discharging, the exchange of ions takes place between
the electrolyte and the MXene electrode, leading to changes in
the concentration of SO,>~ and HSO,~ ions. On the other hand,
in electrolytes such as (NH,4),SO, or MgSO,, a different behavior
is observed. In these electrolytes, counter ion adsorption occurs,
as indicated in Fig. 4(a).**® This is evidenced by the consistent
number of anions, indicating that the concentration of ions
remains relatively constant during the electrochemical
processes. In this case, the ions do not undergo significant
exchange with the MXene electrode. The favorable mobility of
ions between the layers of MXene contributes to the occurrence
of ion exchange processes. When ions can move easily within
the MXene structure, ion exchange becomes more favorable,
leading to significant changes in ion concentrations. The
excellent capacitance of Ti;C,T, film electrodes in H,SO, elec-
trolyte can also be understood from a kinetic perspective. The
charge storage and ion transport kinetics are enhanced in
H,SO, electrolyte, leading to improved -capacitive perfor-
mance.”** The specific properties of H,SO,, such as its high
ionic conductivity and favorable ion mobility, facilitate efficient
ion transport and increase the electrochemical kinetics of
MXene electrodes. Additionally, according to Dall'Agnese
et al.,"** the oxidation state of titanium (Ti) undergoes reversible
changes in the presence of H,SO, electrolyte. The Ti atoms
transition between the +3 and +4 oxidation states, which
correspond to the bonding and bond breaking of the oxygen
functional groups.'** This reversible alteration in the oxidation
state of Ti facilitates the storage and release of charge during
electrochemical processes. The above electrochemical reaction
is described by eqn (1) and (2);

Ti3C20x + e + 5H+ = Ti3C20X,,;(OH)(; (1)

Ti;C,0(OH),F. + d¢~ + ok* = K,TizC,0(OH),F.  (2)

Eqn (1) and (2) show that the ion conductivity and specific
capacitance of supercapacitors are significantly impacted by the
concentration of sulfuric acid in the electrolyte. Eqn (1) suggests
that increasing the concentration of sulfuric acid results in
improved ion conductivity within the electrolyte. This enhanced
ion conductivity, in turn, contributes to an increase in the
specific capacitance of the supercapacitors. Therefore, the
concentration of sulfuric acid is crucial role in optimizing the
performance of supercapacitors.

Comparable to acidic electrolytes, alkaline electrolytes, such
as potassium hydroxide (KOH), facilitate ion intercalation
without involving reactions with surface functional groups, as
shown in eqn (2). This means that in alkaline electrolytes, the
electrochemical process primarily involves the intercalation of
ions into the interlayer spaces of the Ti;C,T, MXene material.
The absence of surface functional group reactions simplifies the
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Fig. 4 (a) TizC,T, negative electrode exhibits distinct charge storage mechanisms based on the electrolyte used: ion exchange occurs in H,SO,4
electrolyte, while counterion adsorption takes place in (NH4),SO,4 electrolyte.*?® Copy @ American Chemical Society 2016. (b) Cyclic voltam-
mogram plots depicting the behavior of Ta-based MXene at a scan rate of 1 mV st in a KOH electrolyte. Copy @ Springer 2015153

electrochemical mechanism in alkaline electrolytes.*'3*
Fig. 4(b) displays the cyclic voltammetry (CV) curves of Ti;C,T,
MXene in an alkaline electrolyte (KOH), illustrating the electro-
chemical behavior of the material in this specific environment.**
Li" ions, being metal cations with a small radius, are commonly
utilized as neutral electrolyte ions in systems including Li,SO,
aqueous solutions. The redox reaction occurs during the cycling
process when Li' ions intercalate and deintercalate, reversibly.
Using water-based electrolytes has the advantage of improving
the safety of supercapacitors. However, one limitation of using
aqueous electrolytes is the oxidation of Ti;C,T, when the
potential applied to the material becomes high (e.g., anodic
oxidation occurring at potentials exceeding 0.6 V)."** This
oxidation process restricts the expansion of the voltage window
available for aqueous electrolytes and consequently limits the
achievable energy density of the supercapacitors.**®

4.2. Ionic liquid electrolytes

Ionic liquid electrolytes consist of organic salts that are in
a liquid state at or near room temperature, distinguishing them
from traditional electrolytes dissolved in solvents."*” The
combination of ionic liquid electrolytes and MXenes holds great
promise for advancing energy storage systems. Ionic liquid
electrolytes, with their unique properties of low volatility and
high ionic conductivity, provide a stable and efficient medium
for ion transport. MXenes,"*® on the other hand, offer excep-
tional electrical conductivity and a large surface area, which can
facilitate rapid charge and discharge processes in super-
capacitor devices.'* By incorporating MXenes into ionic liquid
electrolytes, the overall conductivity can be significantly
enhanced, leading to lower internal resistance and improved
performance of supercapacitors. This combination opens up
exciting opportunities for developing high-performance energy
storage systems that are not only efficient but also durable and
stable. With ongoing research and development, the synergistic
integration of MXenes with ionic liquid electrolytes has the
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potential to revolutionize the field of energy storage and drive
advancements in renewable energy technologies."*® On this
basis, Presser et al'*' investigated the volume variation
behavior of Ti;C,T, MXene in the presence of ionic liquids
using an electrochemical tracing technique. The findings
showed that the volume increase in Ti;C,T, MXene in ionic
liquids is irreversible. This irreversible expansion is attributed
to rapid ion intercalation that occurs after the MXene electrodes
come into contact with the ionic liquid electrolytes. During
electrochemical cycling, the volume of Ti;C,T, MXene expands
at negative potentials. This expansion is driven by a negative
charge present upon the Ti;C,T, surface, which enhances the
intercalation of cations in order to preserve electrostatic
balance. On the other hand, at positive potentials, ion delami-
nation and volume shrinkage occur due to the electrostatic
desorption of adsorbed ions from the MXene surface. Further-
more, the humidity of the environment plays an important role
in the behavior of Ti;C,T, MXene in ionic liquid electrolytes.
Elevated humidity levels lead to the replacement of ions on the
surface of Ti;C,T, by water molecules, which in turn increases
the fluidity of the ionic liquid.*** Therefore, when using ionic
liquid electrolytes, it becomes crucial to control the humidity of
the environment to maintain stable electrochemical perfor-
mance. On the other hand, non-aqueous electrolyte solutions
often face challenges related to poor conductivity.*** This issue
arises from the larger size of the ions present in these electro-
Iytes, which hinders their efficient intercalation into the TizC,T,
MXene material. The reduced intercalation effect results in
lower capacitance and can limit the overall performance of
supercapacitors or energy storage devices utilizing non-aqueous
electrolyte solutions.

4.3. Organic electrolyte

Combining MXenes with organic electrolytes presents a prom-
ising avenue for advancing energy storage.'** Organic electro-
lytes, composed of organic solvents and salts, offer benefits like
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wide electrochemical stability and high conductivity. MXenes,
known for their exceptional electrical conductivity and unique
structure, show great potential for enhancing energy storage
device performance.' The integration of MXenes into organic
electrolytes improves conductivity, reducing internal resistance
and enhancing charge/discharge rates."**'*® Additionally,
MXenes contribute to mechanical stability, preventing electrode
degradation. This collaboration holds promise for high-
performance supercapacitors with improved energy density
and overall efficiency.’” On this basis, Gogotsi et al.'*® investi-
gated the intercalation behavior of lithium ions from lithium
hexafluorophosphate (LiPF¢) electrolyte in various solvents to
understand the impact of the electrolyte solvent on the capac-
itance of Ti;C,T, MXene. This experiment revealed that the
desolvation process of lithium intercalation, where the solvent
molecules are removed, is beneficial in extending the voltage
range of 2.4 V as well as improving Ti;C,T, MXene capacitance
performance. It was observed that when organic solvents
intercalate with lithium ions, the efficiency of lithium ion
intercalation is reduced."® The presence of the organic solvent
molecules hinders the intercalation process, resulting in
decreased intercalation efficiency. Additionally, the solvent's
ion conductivity has an impact on how easily ions penetrate the
MXene material. For instance, in the case of DMSO solvent, the
oxygen atoms in the DMSO molecules cannot be desolvated and
interact with lithium ions, keeping Ti;C,T, MXene's hydro-
phobic methyl groups apart from its surface. This interaction
weakens the electrostatic interaction between the MXene layers,
potentially affecting the overall capacitance performance.

The choice of electrolyte profoundly influences the perfor-
mance and behavior of MXene electrodes. Aqueous electrolytes,
such as sulfuric acid, offer high ionic conductivity and facilitate
reversible redox reactions, leading to efficient energy storage.
However, limitations include the oxidation of MXene at high
potentials, restricting the achievable energy density. Alkaline
electrolytes, like potassium hydroxide, simplify the electro-
chemical mechanism by primarily involving ion intercalation
without surface reactions, yet they face challenges in expanding
the voltage window. Ionic liquid electrolytes, with their low
volatility and high conductivity, show promise in enhancing
MXene performance, although irreversible expansion of MXene
in these electrolytes presents a challenge. The control of
humidity is crucial in maintaining stable performance. Organic
electrolytes provide wide electrochemical stability and high
conductivity, but the efficiency of ion intercalation can be
hindered by solvent molecules, affecting the overall capacitance
performance. Understanding the interplay between MXene and
different electrolytes is essential for optimizing energy storage
device performance and driving advancements in renewable
energy technologies.

5. Synthesis strategies of MXene
electrodes

Until now, substantial efforts have been dedicated to the
development of innovative synthetic techniques for both newly
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discovered MXenes and those that have been previously
studied. These synthetic approaches are broadly divided into
two main categories: top-down techniques, which involve the
transformation of MAX phase precursors into MXenes, and
bottom-up techniques that involve the assembly of components
to produce MXene thin films, as depicted in Fig. 5(a). It is worth
noting that the synthesis conditions employed during MXene
production have profound effects on the resulting structure,
performance, surface group termination, and general charac-
teristics of the MXene materials.'*® Factors such as etchant
concentration, reaction temperature, duration, and post-
treatment procedures influence the final MXene structure and
properties.****° Optimizing these synthetic parameters is
crucial for obtaining MXenes with desired attributes, such as
specific surface terminations, controlled layer thickness, and
enhanced supercapacitor performance.””

5.1. Top-down approach

The top-down synthesis process aims to weaken the binding
forces between the A sheet and MX sheet (metallic bond) in the
MAX phase.""®'** This helps create separate, very thin MXene
nanosheets, as either single layers or just a few layers. The
process involves using etching exfoliation to separate the layers
and then employing methods like ultrasonic or other mechan-
ical techniques to further separate them.'* In these methods,
the chemical structure of the MAX precursor, the composition
of the etchant, and the type of intercalating agent are all very
important.” They perform important functions in deciding the
quality of the final products and overall yield of the process.
Choosing the right combination of these factors is essential to
obtain high-quality MXene nanosheets in significant quanti-
ties.””> Functional groups such as -OH, -F, and -O are generated
on the surface of MXene during the synthesis process. In
contrast, the top-down strategy involves several synthetic
procedures, including the HF etching method, molten salt
etching in situ HF etching (fluoride salt), fluoride-free etching,
and the ball milling method, which will be discussed below.

5.1.1 HF etching method. The synthesis of MXenes by the
HF etching method involves a sequence of steps to selectively
remove the A element from the MAX phase precursor.'>
Initially, a bulk MAX phase material is prepared, which typically
consists of closely packed atom layers. The MAX phase is then
immersed in an etching solution, commonly hydrofluoric acid
(HF) or a mixture of HF and other solvents. HF acts as the
etchant, severing the A and M elements' strong chemical
bonds.’***** The etching process selectively removes the A
element, leading to the delamination of the MAX phase
layers.*** As a result, MXene layers are formed, which have a two-
dimensional structure with a high surface area. After etching,
the MXene layers are thoroughly washed to remove any residual
etchant or by-products. The following equations illustrate the
most typical procedure for selective etching and functionalizing
the MAX phase using hydrofluoric acid (HF):***

M, AX, + 3HF = AF; + 32H, + M,.;; X, (3)

Mn+an + 2H2O - Mn+l + Xn (OH)2 + H2 (4)

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Approaches for MXene electrode fabrication using both top-down and bottom-up methods. (b) Preparation process of TizC, MXene-
Cu/Co hybrids using the molten salt etching technique.*®* Copy @ Wiley-VCH 2021. (c) Synthesis process of TisC,T, through the fluoride-free
etching technique.*”* Copy@Wiley-VCH 2018. (d) Schematic illustration of the synthesis of TizC, MXene using a chemical ball-milling method.**

Copy @ American Chemical Society 2020.

M,+1X, + 2HF = M,,;; + X,,F> + H, (5)

Therefore, eqn (3) illustrates the process of removing the ‘A’
elements from the MAX phase to produce the M,,.;X,, phase. The
functionalization processes of the M,,.;X,, phase with OH and F
elements, respectively, to produce M,,;;X,, T, (T = F or OH), are
described in eqn (4) and (5). The ‘T,’ denotes the surface
terminations, including O, OH, F, and/or Cl elements, which are
bound to the outer ‘M’ layers."*® The MXenes can then be
collected and further processed in different applications,
including catalysis, energy storage devices, and electronic
devices. The HF etching technique allows for the synthesis of
MXenes by selectively removing the A element, allowing for the
exploration of their unique properties and supercapacitor
applications.” In the study conducted by Naguib et al.,*”
TizAlC, powder was subjected to a treatment process involving
immersion in a 50% concentrated hydrofluoric acid (HF) solu-
tion for a duration of 2 hours. As a result of this treatment,
Ti;C,T, MXene was formed, indicating the successful exfolia-
tion and etching of the Al layers from the TizAlC, structure.
Furthermore, Syamsai and colleagues synthesized vanadium
carbide MXene through the process of HF etching for super-
capacitor applications.””® The MXene electrode demonstrated
a specific capacitance of 330 F g~ ' when tested at a scan rate of 5
mV s~ in an electrolyte solution of 1 M H,SO,.

HF etching, a widely employed method, has several advan-
tages and disadvantages. One of its primary advantages is its

This journal is © The Royal Society of Chemistry 2024

efficiency in exfoliating the A-layer from the MAX phase, leading
to the formation of MXenes with a layered structure and a large
surface area. This controlled synthesis allows for precise tuning
of MXene properties such as surface chemistry and layer
thickness, crucial for tailoring them to specific applications in
electrochemical energy storage. Additionally, MXenes synthe-
sized via HF etching exhibit high electrical conductivity, which
is essential for efficient charge transport in devices like batteries
and supercapacitors. Moreover, HF etching can be scaled up for
large-scale production, facilitating industrial applications.
However, the use of HF poses significant safety concerns due to
its corrosive and toxic nature, requiring strict safety protocols.
Furthermore, HF etching generates hazardous waste, necessi-
tating careful disposal to mitigate the environmental impact.
Achieving high selectivity and purity in MXene synthesis via HF
etching can be challenging, and the stability of MXene materials
against oxidation and hydrolysis needs improvement for long-
term performance.

5.1.2 Molten salt etching. Molten salt etching is indeed
a technique proposed for the synthesis of novel MAX and
MXene compounds by replacing the A element in traditional
MAX phases.*®**® The process involves using Lewis acids in the
molten state as strong electron acceptors to selectively etch or
remove the A element from MAX phases.'® The Lewis acid
reacts with the A element, leading to the insertion of cations or
anions within the A element's original position. These inserted
species then form bonds that have unaltered transition metal
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atoms placed upon each side, resulting in a substitution of the A
element. Using this molten salt etching technique, Huang
et al.** successfully prepared new MAX compounds such as
Ti;ZnC,, Ti,ZnC, Ti,ZnN, and V,ZnC. The Al atom layers in
TizAlC,, TiAIC, Ti,AlN, and V,AIC were replaced by molten
ZnCl, as the etchant, leading to the formation of the new
compounds.

T13A1C2 + lSZnClz = Ti3ZHC2 + 0.5Zn + AIC'; (6)
T13A1C2 + ISZHCIQ = Ti3C2 + 1.5Zn + A1C3 (7)

The reactions represented by eqn (6) and (7) illustrate the
replacement of aluminum (Al) in Ti;AlC, with zinc (Zn) through
the use of zinc chloride (ZnCl,) as the etchant.

Ti3C2 +7Zn = Ti3Zl’lC2 (8)

Eqn (8) indicates the formation of Ti;ZnC, by combining
Ti;C, with Zn. It suggests the synthesis of a new MAX phase
compound, TizZnC,, by incorporating Zn into the structure of
Ti;C,. Furthermore, the Zn-MAX compounds, such as Ti;ZnC,,
can be further etched with ZnCl,, leading to the formation of
MXene with chlorine functional groups. This represents the
first successful synthesis of MXene with chlorine functional
groups and is an alternative to the conventional fluorine-based
manufacturing methods. This novel etching technique using
ZnCl, is considered less harmful to the environment compared
to fluorine-based methods, as it avoids the use of fluorine-
containing etchants. Additionally, it enables the production of
MXenes with single functional groups, which can be advanta-
geous for supercapacitor applications. On this basis, Bai et al.*®
synthesized Ti;C, MXene-Cu/Co hybrids using molten salt
etching for symmetric supercapacitor devices. The preparation
process of Ti;C, MXene-Cu/Co hybrids is depicted in Fig. 5(b).
The symmetric supercapacitor device showed a remarkable
specific capacitance of 290.5 mF cm ™ at a current density of 1
mA cm ™’ Additionally, the device demonstrated excellent
capacitance retention, with 89% retention over 10 000 cycles.
Khan et al.*® synthesized Ti;C,Cl,, Ti;C,l,, and TizC,Br, MXene
electrodes for use in supercapacitors. These MXene electrodes
demonstrated exceptional specific capacities of 92C g™, 63C
g~', and 29C g ', respectively. Additionally, they exhibited
excellent cycling stability, indicating their ability to maintain
consistent performance over multiple charge-discharge cycles.

The molten salt etching method offers several advantages
along with certain drawbacks. One significant advantage is its
enhanced safety profile, as molten salt etchants are generally
less corrosive and toxic compared to HF, reducing the risk of
accidents and exposure to harmful chemicals. Additionally,
molten salt etching generates fewer hazardous byproducts,
making it more environmentally friendly and simplifying waste
disposal processes. This method also allows for selective
etching, leading to higher purity MXene materials with
improved electrochemical performance. However, molten salt
etching typically requires higher processing temperatures and
may pose challenges in scalability, process optimization, and
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material compatibility. Despite these challenges, the versatility
and potential sustainability of molten salt etching make it
a promising avenue for the synthesis of high-quality MXene
electrodes, provided that optimization efforts address its limi-
tations for practical applications and large-scale production.

5.1.3 In situ HF etching (fluoride salt). MXene materials
are synthesized via the in situ HF etching method, involving the
use of fluoride salts. This approach includes the use of
a mixture containing a fluoride salt and an acid to produce in
situ hydrofluoric acid (HF) for etching the MAX phase and
obtaining MXene.'*> The process typically begins with a MAX
phase material, such as Tiz;AlC,, which consists of layers of
transition metal nitrides or carbides sandwiched between
aluminum layers.'® To transform the MAX phase into MXene,
a fluoride salt (such as LiF, KF, NaF, CsF, CaF,, or tetrabuty-
lammonium fluoride) is combined with an acid (such as HCI or
H,S0,4)."** This mixture generates HF in situ, which is a strong
etchant capable of selectively removing the aluminum layers
from the MAX phase. By controlling the composition and ratio
of the fluoride salt and acid, the etching process can be fine-
tuned to obtain the desired MXene properties.'** The optimal
conditions depend on the specific requirements of the MXene
material being synthesized. In situ HF etching using fluoride
salts offers several advantages over direct HF etching. It
provides a safer and more controllable approach by using less
aggressive acids instead of concentrated HF.' Additionally, it
eliminates the need for additional intercalation and delami-
nation steps, simplifying the MXene synthesis process.'*® In
addition to LiF, other fluoride salts such as NH,HF, and NH,F
were employed to generate in situ HF, which facilitated the
transformation of the MAX phase into MXene.'*” This expanded
the options for MXene synthesis using different fluoride salt
combinations. The use of fluoride salts in the etching process
enables the control of MXene features including interlayer
spacing, surface area and surface chemistry. These properties
play a crucial role in improving the stability, conductivity and
specific capacitance of MXene electrodes. On this basis, Ghidiu
et al.*® synthesized Ti;C,T, using the HF Etching (fluoride salt)
process for supercapacitor applications. The Ti;C,T, electrode
demonstrated exceptional volumetric capacitance, reaching 900
F cm ™ when tested at a scan rate of 2 mV s~ in a 1 M H,SO,
electrolyte.

In situ HF etching using fluoride salts has both advantages
and disadvantages. By utilizing fluoride salts instead of
concentrated HF solutions, the process reduces the risk of
accidents and exposure to toxic substances, enhancing opera-
tional safety. Additionally, the controlled release of HF ions
from fluoride salts enables precise etching of the MAX phase,
resulting in high-quality MXene materials with improved
structural integrity and electrochemical properties. Moreover,
the use of fluoride salts reduces the environmental impact
associated with traditional HF etching methods, simplifying
waste management and disposal. However, this method may
involve more complex synthesis procedures, the possibility of
side reactions, and issues regarding cost-effectiveness and
scalability. Despite these challenges, in situ HF etching with
fluoride salts holds significant promise for advancing MXene
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synthesis towards safer, more controlled, and environmentally
sustainable processes.

5.1.4 Fluoride-free etching. Fluoride-based etching
approaches, although effective in preparing MXene materials,
can have detrimental effects on the environment and pose risks
to biological tissues.'®® These limitations hinder the practical
applications of MXene in various fields. Additionally, the use of
fluoridated etchants can negatively impact the specific capaci-
tance of supercapacitors when MXene is used as the electrode
material."®® To overcome these challenges, researchers have
developed fluoride-free synthesis strategies for MXene. High-
temperature alkali solution etching and electrochemical
etching represent two frequently employed methods. The
technique of concentrated alkali etching draws inspiration from
the Bayer process employed in the bauxite refining industry.
This process utilizes an alkali to selectively extract the
aluminum (Al) layer from the MAX parent phase, such as
Ti;AlC,. The amphoteric nature of aluminum, which has
a strong binding ability with hydroxide ions (OH-), allows it to
react with the alkali during etching. When the alkali is used at
low temperatures, insoluble aluminum hydroxides are
produced. These insoluble hydroxides form protective layers on
the surface of Ti;AlC,, impeding the etching reaction and pre-
venting the formation of Ti;C,T, MXene. However, at high
temperatures, soluble aluminum hydroxides can be generated.
These soluble hydroxides can effectively remove the aluminum
layers, leading to the creation of Ti;C,T, MXene. The removal of
aluminum layers exposes the desired MXene structure with
layers of transition metal carbides. By controlling the temper-
ature during the etching process, it is possible to achieve the
selective removal of aluminum layers and the production of
Ti;C,Ty MXene. High temperatures promote the formation of
soluble aluminum hydroxides, enabling efficient etching and
MXene synthesis. On this basis, Zhang et al.*”® successfully
prepared a high-purity Ti;C,T, (T = -OH, -O) MXene through
treatment with a sodium hydroxide (NaOH) solution. They
observed that lower temperatures ranging from 100 to 200 °C
were not favorable for Ti;C,T, MXene formation because of the
growth of insoluble aluminum hydroxides, such as Al(OH); and
AIO(OH). Conversely, higher temperatures exceeding 250 °C
resulted in the generation of dissolvable aluminum hydroxides
(Al(OH),"), facilitating the formation of Ti;C,T, MXene.
Furthermore, Ghidiu et al.'® successfully synthesized Ti;C,T,
MXene using a fluoride-free etching method for supercapacitor
applications. The Ti;C,T, MXene electrode displayed an
impressive gravimetric capacitance, reaching 314 F ¢! when
measured at a scan rate of 2 mV s~ " in a 1 M sulphuric acid
(H»S0,) electrolyte. Furthermore, electrochemical etching is an
effective approach for producing MXene materials with excel-
lent capacitive performance. This method can be carried out in
electrolytes that are free of fluorides, resulting in the production
of (Tiz;C,T,) MXene without any fluorine terminations. In
contrast, constant potential is used to selectively etch
aluminum (Al) layers in this process. Chloride ions (C17) play
a crucial role in this etching process as they possess a strong
binding capability with Al, causing the Ti-Al bonds to break.
Particularly, when the Ti;AlC, electrode is positively charged,
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the attack of chloride ions results in the growth of AlCl;, causing
the Ti atoms at the edges to terminate with chlorine. This, in
turn, opens up grain boundaries, allowing for additional
penetration of CI™ ions and other intercalated species from the
electrolyte. Based on this, Yang et al'' presented an
outstanding fluoride-free etching technique to convert bulk
TizAlC, into Ti;C,T, MXene, specifically for solid-state super-
capacitor applications. Tetramethylammonium hydroxide
(TMAOH) and ammonium chloride were combined in a mixed
aqueous electrolyte to facilitate the electrochemical etching
process, as depicted in Fig. 5(c). The Ti;C,T, MXene electrode
demonstrated a high area-specific capacitance of 220 mF cm ™2
at a scan rate of 10 mV s~ ",

Fluoride-free etching methods for synthesizing MXene elec-
trodes offer both advantages and disadvantages. One of the
primary advantages is the elimination of fluoride-related safety
concerns, as these methods do not involve the use of corrosive
and toxic fluoride-containing compounds such as HF or fluo-
ride salts. This enhances operational safety and simplifies
handling procedures, reducing the risk of accidents and mini-
mizing potential exposure to hazardous chemicals for
researchers and operators. Additionally, fluoride-free etching
methods typically result in MXene materials with a reduced risk
of fluoride contamination, which can be advantageous for
applications where fluoride impurities may be undesirable,
such as in biomedical, energy storage and environmental
applications. However, fluoride-free etching methods may also
present challenges in terms of achieving efficient exfoliation
and selective removal of the A-layer from the MAX phase. The
optimization of etching conditions and the development of
alternative etchants are necessary to overcome these challenges
and ensure the synthesis of high-quality MXene materials with
desirable properties. Furthermore, fluoride-free etching
methods may require additional steps or alternative approaches
compared to fluoride-based methods, potentially complicating
the synthesis process and impacting scalability and cost-
effectiveness. Despite these challenges, ongoing research
efforts are focused on refining fluoride-free etching methods to
address these limitations and expand the applicability of
MXene materials in various fields.

5.1.5 Ball milling method. Ball milling is commonly
employed as a top-down method to reduce the dimensions of
nanoparticles, proving to be highly effective in generating
diverse MXenes."”> The properties of materials, both physical
and morphological, are influenced by several factors in this
process. These factors include the type of milling (wet as well
as dry), grinding rapidity, the ratio of balls to powder, and the
duration of milling."”>'* By manipulating these parameters,
researchers can precisely customize the resulting materials,
allowing for a detailed exploration of the intricate relationship
between synthesis conditions and material properties. This
comprehensive approach emphasizes the interconnected
nature of the various parameters in ball milling, underscoring
the importance of a holistic understanding for optimal
outcomes in nanoparticle synthesis and material design."”* On
this basis, Xue and colleagues introduced a method for
synthesizing fluorine-free Ti;C, MXene using a chemical ball-
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milling process."”* Fig. 5(d) presents a schematic illustration of
the synthesis process of Ti;C, MXene. The resultant MXene
had a hierarchical porous morphology, characterized by
a significantly larger surface area (38.93 m? g ') than
conventional Ti;C, MXenes produced through HF treatment
(4.87 m* g~'). Compared to other etching methods, the ball
milling technique utilizing TMAOH as well as a LiCl solvent, in
combination with TizAIC, powder, offers a simpler and more
environmentally friendly approach. Similarly, Su et al'”
synthesized Ti;C, MXene using the ball milling method and
HF etching. The synthesized Ti;C, MXene exhibited an excel-
lent specific capacitance of 61.5 F ¢! at 0.2 A g~ current
density.

The ball milling method for synthesizing MXene electrodes
offers several advantages along with certain disadvantages. One
of its primary advantages is its versatility and simplicity, as ball
milling provides a straightforward and scalable approach to
produce MXene materials from bulk MAX phase precursors.
This method involves the mechanical exfoliation of the MAX
phase through high-energy ball collisions, leading to the
formation of MXene nanosheets with a high surface area.
Additionally, ball milling can be easily tailored to tune the size,
morphology, and composition of the synthesized MXene
materials by adjusting milling parameters such as milling time,
ball-to-powder ratio, and milling speed. Moreover, ball milling
does not require the use of hazardous chemicals or specialized
equipment, making it a cost-effective and environmentally
friendly method for MXene synthesis. However, ball milling
also has certain disadvantages, including the potential for
structural defects and contamination introduced during the
milling process, which can affect the quality and electro-
chemical performance of the synthesized MXene materials.
Furthermore, prolonged milling times or high-energy milling
conditions may lead to excessive heating and phase trans-
formations, requiring careful optimization to prevent the
degradation of MXene properties. Despite these disadvantages,
ball milling remains a widely used method for MXene synthesis
due to its simplicity, scalability, and versatility, with ongoing
research focused on addressing its drawbacks and optimizing
synthesis conditions for various applications in electrochemical
energy storage and beyond.

5.2. Bottom-up approach

The bottom-up approach involves using molecules as potential
precursors to construct MXene structures from the ground up.
This approach offers more control over the atomic arrangement
and allows for the design of MXenes with specific properties.'*
Using functional precursors can improve surface termination
and enhance the desired characteristics.'”® Moreover, the
bottom-up method is appropriate for low-toxic components,
safe reaction conditions to prevent contamination, and
straightforward and extremely effective precursors.>

5.2.1 Magnetron sputtering. Magnetron sputtering depo-
sition is indeed a widely used technique in the realm of physical
vapor deposition (PVD), especially for the growth of thin films,
including those made of 2D materials."”” While synthesizing
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MXenes using magnetron sputtering can be challenging, this
technique has been successfully employed to fabricate MAX
phase precursors with desirable thickness.'”***® The synthesis
process of Ti;AlC, MAX thin films involves the sputtering of
titanium (Ti), aluminum (Al), and carbon (C) onto a sapphire
substrate, as depicted in Fig. 6(a).'® The sputtering process
entails the deposition of these materials onto the substrate
using high-energy ions. By controlling the deposition parame-
ters such as sputtering power, pressure, and deposition time,
a TizAlC, MAX thin film is formed on the sapphire substrate.
This thin film structure exhibits a layered arrangement of Ti, Al,
and C atoms, resulting in the formation of the desired Tiz;AlC,
MAX phase. In a study conducted by Joseph et al.,'”® Nb, Al, and
C elements were utilized to grow a thin film of the MAX phase.
The deposition process involved DC magnetron sputtering
under an inert atmosphere of 99.9% Ar. Prior to deposition, the
Al,O; substrate was thoroughly cleaned using acetone and iso-
propanol in an ultrasonicator and dried with nitrogen gas. The
substrate was then preheated at 950 °C in a DC magnetron
sputtering system to facilitate the growth of a 15 nm thick
Nb,AIC thin film. Another study by Li et al'**> employed
magnetron sputtering to grow a few layers of 2D Nb,C nano-
layers for the generation of square wave laser pulses. In this
case, a substrate material of the K-9 class was used. The Nb,C
MXene layer thickness was controlled at 10-15 nm, exhibiting
broadband absorption properties ranging from 400 nm to
2000 nm, making it suitable for ultrafast photonic applications.
Magnetron sputtering deposition offers promising prospects for
the fabrication of MAX phase precursors and MXene nanolayers
with controlled thicknesses. Despite the challenges associated
with synthesizing 2D MXenes using this technique, it offers
promising prospects for the fabrication of MXene thin films
with tailored properties for supercapacitor applications. Chen
et al. reported the synthesis of a scandium-based MXene
(Sc,CO,) utilizing magnetron sputtering. The experimental
conditions involved using silicon and sapphire substrates and
maintaining a 6 x 10~* mTorr pressure. The deposition rates
for carbon (C) and scandium (Sc) were set at 30 nm h™" and 60
nm h™?, respectively, under an argon flow at room temperature.

The magnetron sputtering method for synthesizing MXene
electrodes offers several advantages along with certain draw-
backs. One of its primary advantages is its ability to deposit thin
films of MXene materials with precise control over composition,
thickness, and morphology. This technique involves bombard-
ing a target material (typically a MAX phase) with high-energy
ions in a vacuum chamber, causing atoms to be ejected and
deposited onto a substrate to form a thin MXene film. This
precise control enables the production of MXene films with
tailored properties suitable for various applications in elec-
tronics, sensors, and energy storage devices. Additionally,
magnetron sputtering allows for the deposition of MXene films
onto diverse substrates, including flexible or irregularly shaped
surfaces, expanding the potential range of applications. More-
over, the process is relatively simple and can be easily scaled up
for industrial production, making it suitable for large-scale
manufacturing. However, magnetron sputtering also has
certain limitations, such as limited deposition rates and

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) lllustration depicting the magnetron sputtering process, which involves depositing Ti, Al, and C. This leads to the formation of a TiC
incubation layer, only a few nanometers thick, on a sapphire substrate oriented along (0001). Following this, a layer of TizAlC; is subsequently
deposited atop the TiC layer. The arrangement of OH-terminated TizC, after the selective etching of Al from TizAlC,, featuring Ti, C, O, and H
atoms with distinct colors, while the inset in the scanning transmission electron microscopy image showcases the Wiener filter-treated initial two
layers of TizC,T,, accompanied by a 1 nm scale bar for ref. 181. Copy @ American Chemical Society 2014. (b) Diagrammatic representation of the
fabrication of a 2D mesoporous Mo,C MXene through the process of selective etching induced by ultraviolet (UV) light.**® Copy @ Elsevier 2020.
(c) llustration depicting the process of fabricating fluoride-free Mo,CT, through the exclusive use of an HCl-assisted hydrothermal etching

strategy.*®* Copy @ Wiley-VCH 2021.

substrate heating during the process, which may affect film
quality and adhesion. Furthermore, the equipment required for
magnetron sputtering can be expensive and complex, requiring
skilled operators and maintenance. Despite these drawbacks,
magnetron sputtering remains a valuable method for synthe-
sizing high-quality MXene films with precise control over
properties, with ongoing research aimed at optimizing deposi-
tion parameters and overcoming limitations for broader appli-
cations in various fields.

5.2.2 Chemical vapor deposition (CVD). The CVD tech-
nique is commonly used to produce very thin films, often con-
sisting of multiple layers (at least six layers)."* Numerous
literature reports have described the synthesis of MXenes using
CVD.'#3% In the first MXene synthesis using CVD, high-quality
ultrathin Mo,C (molybdenum carbide) films were created. The
process involved utilizing methane gas (CH,) as the carbon
source and a Cu/Mo (copper/molybdenum) foil as the substrate.
The synthesis was carried out at temperatures exceeding 1085 °©
C."® By optimizing the growth temperature and time, a range of
films with lateral sizes ranging from 10 to 100 um were ob-
tained. The synthesized Mo,C films were found to be defect-free
and exhibited high crystallinity, suggesting the absence of
surface functional groups. Furthermore, Cu/Mo bilayer
substrates were used by Xu et al.**® for fabricating 2D Mo,C
MXene superconducting crystals. The layer-by-layer formation
process involved the deposition of Mo,C MXene onto the

This journal is © The Royal Society of Chemistry 2024

substrate. Methane was used as the precursor gas for the
synthesis. The resulting MXene crystals achieved an approxi-
mate thickness of 100 pm and exhibited superconducting
properties.

CVD is a highly versatile method for synthesizing MXene
electrodes, offering several distinct advantages along with some
limitations. One of its primary advantages is its ability to
produce high-quality MXene films with precise control over
thickness, composition, and morphology. CVD involves the
decomposition of gaseous precursor molecules on a substrate
surface, resulting in the deposition of MXene layers in
a controlled manner. This precise control enables the synthesis
of uniform and defect-free MXene films with tailored proper-
ties, making CVD particularly well-suited for energy storage and
conversation applications. Additionally, CVD can be employed
to deposit MXene films onto a variety of substrates, including
flexible or temperature-sensitive materials, allowing for the
integration of MXene-based devices into diverse platforms.
Furthermore, CVD offers scalability and reproducibility,
making it suitable for industrial-scale production. However,
CVD also has certain limitations, such as the requirement for
high vacuum conditions and specialized equipment, which can
increase the complexity and cost of the process. Additionally,
the deposition rates in CVD may be relatively slow compared to
other methods, and the need for precise control over process
parameters can make optimization challenging. Despite these
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limitations, ongoing research efforts are focused on refining
CVD techniques and overcoming obstacles to unlock the full
potential of MXene materials in various technological
applications.

5.3. Other methods

5.3.1 MXene synthesis from non-MAX phase precursors.
Metals in the transition group, like Zr and Hf, have a higher
tendency to create layered compounds with the formula (MC),
[AI-(A)]»C/n—1 compared to M,AlC, phases that contain
aluminum. The values of n, m, and A for these compounds are
typically n = 2-4 and m = 3 or 4, and A represents Ge and/or Si,
respectively.’® It is possible to utilize these non-MAX phase
precursors for producing MXenes such as Zr;C,T, and Hf;C,T,.
Using hydrofluoric acid (HF), the Al-C units in the Zr;Al;Cs
precursor and the [Al(Si)];C,; units in Hf3[Al(Si)],Cs can be
etched to produce Zr;C,T, and Hf;C,T, MXenes, respec-
tively."®®*** In addition, Mo0,Ga,C, which is a layered carbide
consisting of Mo,C layers separated by two stacked Ga layers,
has also been utilized for the large-scale production of Mo,C
MXenes. This is achieved through the use of HF and LiF/HCI
etchants, as illustrated in Fig. 6(b). In contrast, Mei et al.*® re-
ported that Mo,C MXene can be synthesized without the use of
fluoride, by etching multiple layers of Ga in Mo,Ga,C. This
process involves using a mild phosphoric acid solution and
exposing the sample to ultraviolet (UV) light irradiation for
several hours, as depicted in Fig. 6(c). Wang et al. have recently
introduced another fluoride-free etching method for the
synthesis of Mo,CT, MXene from the Mo,Ga,C MAX phase
precursor. This method is called the HCl-assisted hydrothermal
method.™*

The top-down approach to synthesizing MXenes involves
several methods, each offering unique advantages and facing
specific challenges. The HF etching method efficiently exfoli-
ates the A-layer from the MAX phase, resulting in MXenes with
a layered structure and large surface area. However, the use of
HF raises significant safety concerns due to its corrosive and
toxic nature, necessitating careful handling and waste disposal.
Molten salt etching offers enhanced safety and reduced envi-
ronmental impact compared to HF etching but may require
higher processing temperatures and pose challenges in scal-
ability. In situ HF etching using fluoride salts provides a safer
alternative to direct HF etching, yet it involves more complex
synthesis procedures and considerations regarding cost effec-
tiveness. Fluoride-free etching methods address environmental
and safety concerns but may face challenges in achieving effi-
cient exfoliation and selective removal of the A-layer. The ball
milling method offers simplicity, scalability, and versatility but
may introduce structural defects and contamination.
Conversely, the bottom-up approach, including magnetron
sputtering and CVD, offers precise control over MXene proper-
ties but may involve complex synthesis procedures and require
specialized equipment. Each method underscores the need for
continued research and optimization to fully harness the
potential of MXene materials for supercapacitor applications.
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6. MXene electrodes for
supercapacitors

2D materials like activated carbon, carbon nanotubes (CNTs),
and graphene exhibit enhanced capacitive storage capacity in
supercapacitors as a result of their significantly large effective
surface area. This increased capacity is attributed to the strong
correlation between capacitance and the ion-accessible surface
area of the electrode materials. Nevertheless, their application
in compact and portable capacitive storage devices has faced
limitations due to their low volumetric capacitance. This is
primarily attributed to their low density (usually below 1.0 g
em™?) and high gravimetric capacitance (typically less than 300
F g 1).*? Pseudocapacitive materials, such as TMOs like WO,
MoO;, and MnO,, as well as conducting polymers like poly-
aniline (PANI) and polypyrrole (PPy), exhibit higher capacitance
values ranging from 300 to 2000 F g~ '.1%1%* Nevertheless, elec-
trodes made of TMOs or conducting polymers often suffer from
inadequate electrochemical stability, leading to low electrical
conductivity (for instance, MnO, typically exhibits conductivity
ranging from 107> to 107°® S ecm ').'*'7 2D MXenes are
employed as active electrode materials for supercapacitor
devices due to their layered structures, low cost, superior
conductivity, excellent reversibility, superior pseudocapacitance
performance, and excellent energy and power density.'**>*
Numerous studies have highlighted the suitability of MXene-
based materials in supercapacitors. They include various types
of MXenes, such as titanium-based MXenes (e.g., Ti;C,Ty,
Ti,CTy, TisN;Ty, and Ti;CNT, MXenes)**?*** niobium-based
MXenes (Nb,CT, and Nb,C;T, MXenes),>**** vanadium-based
MXenes (V,CT,, and V,NT, MXenes),>** molybdenum-based
MXenes (M,CTy, M3C,Ty,, M,C3T,, Mo, 33CT, and Mo, 33C i-
MXenes),>”?*® and tantalum-based MXenes (Ta,C3T,
Mxene)‘ZOQ,ZIO

The initial utilization of MXenes in supercapacitors dates
back to 2013, when researchers explored 2D titanium carbide as
a potential substitute for dichalcogenide electrodes.”** Since
this initial investigation, MXenes have risen in prominence and
become a major area of research in the area of supercapacitors.
Scientists have shown significant attention to various MXenes,
including Ti3C,T,,** Nb,CT,,*** V,NT,,** Mo,CT,,”* and
Ta,C;T,.*" Table 1 provides a summary of MXene electrodes in
three electrode configurations. In this section, we concentrated
on the primary advancements in MXenes designed for super-
capacitor devices, meticulously incorporating both geometric
and electrical characteristics.

6.1. Titanium-based MXenes

Titanium-based MXenes specifically refer to MXenes derived
from titanium-containing MAX phases. These MXenes include
variants such as Tiz;C,Ty,>** Ti,CT,,>** Ti4N;T,,>*® and Ti;CNT,,*"”
all of which hold significance for supercapacitor applications.
The “x” in their formulae denotes the degree of surface func-
tionalization. Notably, Ti;C,T, has been one of the most
investigated MXene family members for supercapacitors
because of its unique flake morphology, significant volumetric

This journal is © The Royal Society of Chemistry 2024
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Table 1 A comprehensive comparison of MXene based electrodes in three-electrode systems

BET surface

Sr. no Electrode area (m® g ") Electrolyte Potential window (V) Specific capacitance (C) Retention (no. of cycles) Ref.
1 Ti,CTy 10.59 1 M H,SO, —0.2t0 0.6 V 262Fg tat1Ag! 88.79% after 10 000 cycles at 10 A g~ * 309
2 Ti;C,Ty 32 1 M H,S0, 0to 0.4 499 F g 'at2mvs! 100% after 10 000 cycles at 10 A g™ 349
3 Ti;C,Ty/Ag 107 1M H,SO, —0.95 to —0.25 V 332.2mFem 2at2mvs 78.2% after 15 000 cycles at 50 mV st 337
4 Ti;C,To/RGO — 2 M KOH 0to —0.6 1543Fg 'at2Ag! 85% after 6000 cycles at 4 A g™ * 350
5 TizC,T,/CNTs — 1 M MgSO, 0to —0.8 390 Fem 2 at2mvs* 100% after 10 000 cycles at 5 A g~ " 351
6 Ak-Ti;C,T,/carbon cloth — 1 M H,SO, 0.4 to —0.4 312 mF ecm 2 at1 mA cm 2 97% after 8000 cycles 352
7 Ti;C,T, aerogel 108 3 M H,SO, 0.2to —0.6 V 438 F g’1 at10 mvV s ' 90% after 20 000 cycles 353
8 N doped Ti;C,T, 368.8 1 M NaCl 0to1 514 Fem *at2mvs ' 99.75% after 2000 cycles at 0.5 A g ' 354
9 TizC,T,/rGO — 1 M H,S0, 0to1 233Fg tat1Ag! 91% after 10 000 cycles at 1A g~ * 355
10 TizC,T,/PPy — 1 M H,S0, —0.2t00.35V 416 Fg 'at5mv s’ 92% after 25 000 cycles at 100 mV s~ 306
11 Ti;C,T,/PPy — 0.5 M H,S0, 0to 0.5V 406 Fg " at1 mA cm > 100% after 20 000 cycles at 1 mA cm > 305
12 Ti;C,T,/M0O; 37.28 1 M KOH —1.0to —0.3V 151Fg lat2mvs ' 93.7% after 8000 cycles at 1 A g™* 356
13 Nb,C;T, — 1 M H,S0, ~1.0t0 0 1075 Fem 2 at 5 mv st 76.13% after 5000 cycles at 2 A g~ 236
14 Nb,CsT, — 1 M Li,SO, —0.8t0 0 177Fg 'at5mvVs ' 90% after 10 000 cycles at 2 A g™ " 237
15 Nb,CT, — 1 M LiSO, 0 to —0.6 154Fg 'at5mVs ' 10% after 2000 cycles at 100 mV s~ 212
16 Ni-Nb,C 18.02 1 M PVA/H,SO, 0.4 to —0.2 666 Fg 'at5mVs ' 81% after 10 000 cycles 357
17 Nb,CT,/CNT — 1 M H,SO, 0.2 to —0.4 186 Fg 'at2mVs ' 80.3% after 5000 cycles 235
18 V,CsTy 31.35 1 M H,S0, 0.15 to —0.35 209F g tat2mvs! 97.23% after 10 000 cycles at 10 A g~ * 240
19 V,C MXene — 1M H,SO4 0to—1.2 487 Fg 'at2mvs ' 99% after 10 000 cycles at 10 A g’l 238
20 V,C; MXenes — 1M H,S0, 0.4 to —0.4 330Fg 'at5mvs ! 90% after 3000 cycles at 1V s~ " 158
21 V,CTy — Seawater electrolyte —0.8 to —0.3 181 Fg 'at0.2Ag " 98.1% after 5000 cycles at 2 A g~ " 206
22 V,C MXene — 1 M Na,SO, -0.3Vto—-09V 164Fg 'at2mVs ' 90% after 10 000 cycles at 5 A g " 243
23 V,NT, — 3.5 KOH 0to —1.0 112.8 Fg ' at 1.85 mA cm > 96% after 10 000 cycles at 5 mA cm > 213
24 V,CT, — 2 M ZnSO, 0.3 to —0.9 481 Fg lat1Ag! 84% after 60 000 cycles at 10 A g ™" 244
25 Mo,CT, 19.5 1M H,SO4 0.3 to —0.3 79.14 Fg 'at 0.3 A g’1 98% after 5000 cycles at 5 A g~ " 214
26 Mo, ;;C MXene — 5 M LiCl 0.1to —1.2 217 Fg tat2mvs ! 85% after 7000 cycles at 10 A g~ 70

27 Mo, 5;CT, — 5 M LiCl 0.5 to —1.2 681.5Fcm *at2mVs 109% after 40 000 cycles at 10 mA cm™> 199
28 Mo, 35CT, — 1 M MnSO, 0to1.1 185 Fg 'at2mvVs ' >90% after 10 000 cycles at 10 A g ™' 253
29 Ta,C; MXene 6.599 0.1 M H,SO,4 0to 1.6 481 F g’1 at5mvs ' 89% after 2000 cycles 254
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capacitances at high current densities and spontaneous inter-
calation for a number of cations.'®******® The electrolyte, surface
functional groups, electrode structure and physical and chem-
ical properties all have a significant impact on the super-
capacitor performance of Ti;C,T, MXene electrodes.””® In
contrast, the electrolyte has a major impact on the voltage
window and ionic transport efficiency; surface terminations and
electrochemically active sites have a major impact on TizC,T,
electrochemical behavior. This section summarizes the Tiz;C,T,
materials and composites for supercapacitor applications.

The energy-storage capacitive behavior of the Ti;C,T, elec-
trode in an electrolyte can be described by the reaction that
followsz74,169,220

T;C,0,(OH),F. + ée~ + 6H" — T3C,0,_5(OH),+5 + F (9)

Numerous studies have demonstrated that larger capaci-
tances are a result of the presence of a larger number of -O
functional groups as well as a reduced number of -F functional
groups, particularly in acidic electrolytes where protons may
interact with the terminal O on the Ti;C,T, surface.?**>** Based
on this, Wang et al*** demonstrated the importance of
controlling the number of functional groups for obtaining the
best electrochemical behavior of Ti;C,T, electrodes. The
capacitance of Ti;C,T, layers demonstrated a notable increase
when subjected to a lower HF concentration of 6 mol L7,
reaching 400 F g~ " at a scan rate of 2 mV s~ ". In contrast, under
a higher HF concentration of 15 mol L™, the capacitance was
comparatively lower at 208 F g~ * (at 2 mV s~ ). This augmented
capacitance can be attributed to the higher concentration of -O
surface terminations and the presence of high mobility H,O
molecules within the interlayers of Ti;C,T,. The phenomenon
suggests that manipulating the HF concentration plays a crucial
role in optimizing the electrochemical performance of Ti;C,T,
layers. Moreover, Pan et al.**® conducted a synthesis of Ti;C,
MXene by selectively removing aluminum (Al) from Ti;AlC,
using hydrofluoric acid (HF) in order to explore its potential for
supercapacitor applications. The resulting Ti;C, MXene elec-
trode displayed a specific capacity of 28.5C g~ ' when tested at
a density of 1 A g~ '. Furthermore, many researchers modified
the surface terminal groups of Ti;C,T, to improve electro-
chemical behavior, such as by eliminating -F species and
enhancing the proportion of terminal -O groups.*****® Li et al.**®
revealed a Ti;C,T, MXene electrode synthesized by KOH post-
treatment for supercapacitor applications. The gravimetric
capacitance of the Ti;C,T, electrode after KOH post-treatment
was 517 F ¢ ' at 1 A g~ in H,SO, electrolyte, whereas the
pure Ti;C,T, electrode without KOH post-treatment exhibited
a smaller capacitance of 244 F g~ '. Furthermore, the KOH post-
treatment electrode exhibited 99% retention after 10000
charge-discharge cycles. The elimination of terminal (-OH/-F)
groups by K' ion intercalation into TizC,T, interlayers by KOH
treatment was primarily responsible for the much-improved
supercapacitive performance. Chen et al.>*” demonstrated that
employing n-butyllithium as an organic reagent to treat TizC, T,
MXene may successfully avoid oxidation during the annealing
process and prevent the development of Ti;C,T, nanoribbons,
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which is commonly observed after alkaline aqueous treatment.
The electrochemical study showed that n-butyllithium treated
Ti;C,T, performs significantly better than its LiOH-treated
counterpart. A high capacitance of 523 F g~ at 2 mV s~ * could
be produced by the Ti;C,T, MXenes treated with n-butyllithium,
and 96% capacity could be maintained even after 10 000 cycles.
In contrast, the LiOH-treated Ti;C,T, MXene exhibited a low
capacitance of 259 F g~ " at a scan rate of 2 mV s~ . The lower -F
terminal group content and increased -O terminal group
content in n-butyllithium treated Ti;C,T, MXenes resulted in
enhanced pseudocapacitor performance. In addition, Huang
et al**® reported a symmetric on-chip microstructure with
Ti;C,T, MXene blended ink for all-in-one Si-based electronics.
The MXene-SiO, electrode was produced using a technique
involving drop-coating and natural sedimentation, as depicted
in Fig. 7(a). Cross-sectional SEM analysis (Fig. 7(b)) reveals that
the MXene film with a water and acetone (W/A) blend has
a thickness of 1.13 pm and an open structure. This emphasizes
the role of acetone in preventing the restacking of 2D Ti;C,T,
MXene flakes during film fabrication. In contrast, the MXene
film fabricated without acetone is only 0.42 pm thick and
exhibits a closely packed structure. The fabrication process of
Ti;C,T, MXene-based micro-supercapacitors on a Si/SiO, wafer
involves a series of steps, including controlled ink dispersion
through acetone, drop-coating, laser-etched interdigital
patterning, and deposition of PVA/H,SO, gel electrolyte. The
characteristic ~ cyclic voltammetry profiles of micro-
supercapacitor-W/A at varying scan rates are presented in
Fig. 7(c). Ti3C,T, MXene micro-supercapacitors with the W/A
configuration exhibit remarkable volumetric capacitances,
reaching 350.1 F cm . This significantly surpasses the capaci-
tance of micro-supercapacitors-water (276.0 F cm °). These
high volumetric capacitance values are maintained even under

demanding conditions, such as a high scan rate of 1 V s,

where the capacitances remain at 106.2 and 65.4 F cm™>,
respectively. For high voltage and energy practical applications,
on-chip micro-supercapacitor devices can be integrated using
MXene due to its excellent wettability and conductivity, serving
as both an active material and a collector, as illustrated in
Fig. 7(d). This enables the realization of all-in-one Si-based
electronics via laser-etching. The CV curves demonstrate
uniform micro-supercapacitor shapes (single, series, and
parallel), with the series configuration widening the voltage
window to 2.4 V and the parallel configuration doubling the
capacity as depicted in Fig. 7(e). TizC,T, MXene's conductivity
enables integrated circuits, as evidenced by the integration of
three micro-supercapacitors, chip-LEDs, and an inching switch,
as shown in Fig. 7(f). The remarkable performance of MXene-
based micro-supercapacitors arises from various factors,
including the optimized interaction of MXene ink with the SiO,/
Si wafer, prevention of restacking via acetone and sedimenta-
tion, enhanced ion accessibility, widened voltage window due to
MXene-SiO, hydrogen bonding, and the overall high compati-
bility of the all-MXene design. Furthermore, Simon et al'"
investigated the impact of intercalation and delamination on
the surface chemistry for the electrochemical capacitance of
Ti;C,T,. After chemical intercalation of potassium salts,
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(a) The schematic illustration depicting the creation process of the MXene-SiO, electrode using a method involving drop-coating and

natural sedimentation. (b) SEM images displaying a cross-sectional view of the MXene-SiO, electrode. (c) Cyclic voltammetry plots obtained by
varying the scan rates from 10 to 1000 mV s71 for the microsupercapacitor-W/A. (d) Visual representation depicting the creation process of
integrated Si-based electronics using the laser etching technique. (e) Cyclic voltammetry profiles obtained under different conditions: when the
microsupercapacitors are individually tested, connected in series, and connected in parallel. (f) A visual image captured digitally, showcasing the
comprehensive device featuring three microsupercapacitors connected in series, three chip LEDs, and a one-inching switch. When activated, the
device is capable of functioning continuously for approximately 30 seconds.??® Copy @ American Chemical Society 2022.

terminal fluorine was effectively substituted with oxygenic
functional groups. This modification in surface chemistry
produced a high capacitance of 520 Fem 2 at2mvVs 'in1 M
H,SO, electrolyte, with no significant loss after 10 000 cycles.
Furthermore, Yang et al.'”* developed a fluoride-free etching
technique for converting bulk Ti;AlC, into Ti;C,T, for solid-
state supercapacitors. An all-solid-state supercapacitor was
fabricated using two Ti;C,T, MXene electrodes and PVA/H,SO,
electrolyte. The all-solid-state supercapacitor device exhibited
an areal capacitance of 220 mF cm > at 10 mV s ' and
a capacitance retention of 94.2% over 10 000 cycles, indicating
its excellent stability. Rakhi and co-workers prepared 2D Ti,CT,
nanosheets by HF etching and investigated the effect of the
annealing environment on their structure and electrochemical
performance.”” MXene retained its layered structure after heat
treatment under Ar, N,, and N,/H, atmospheres. However,
annealing in air resulted in the conversion of MXene to TiO,
nanoparticles and graphitic carbon. In a symmetrical two-
electrode system, the N,/H,-treated MXene exhibited
a maximum capacitance of 51 Fg~ ' ata scanrate of 1 Ag~". The
outstanding capacitance performance was due to the stable
layered structure, low fluorine content, and high carbon content
on the surface of the N,/H,-treated MXene. Wang et al.>*®
developed a fiber-based Ti;C,T, MXene on silver-plated nylon
fibers for solid-state flexible symmetric supercapacitor devices.
These solid-state supercapacitors comprise two Ti;C,T,@silver-
plated nylon fiber electrodes and a PVA-H,SO, hydrogel elec-
trolyte. The device exhibits a maximum areal capacitance of 328

This journal is © The Royal Society of Chemistry 2024

mF cm ™2 at 2 mV s~ !, with an excellent capacitance retention of

100% over 10000 cycles. Additionally, the device achieves
energy and power densities of 7.3 yW h cm™> and 132 pW cm ™.
The superior supercapacitor device performance due to the
unique structure formed by depositing Ti;C,T, flakes onto the
fibrous support also contributes to an increased effective
surface area for charge accumulation.

The limited electrochemical stability of Ti;C,T, MXene is
a notable drawback, as it could restrict the operational voltage
range of the material, potentially hindering its ability to withstand
higher voltages. Such higher voltages are essential for achieving
greater energy densities in supercapacitor applications.

6.2. Niobium-based MXenes
Niobium-carbide MXenes, particularly Nb,CT, and Nb,C;T,,

have gained significant attention in the MXene family.>***
Nb,CT,, discovered in 2013, has demonstrated excellent
performance in handling high cycling rates (10C) and possesses
a good ion intake capacity, making it a superior candidate for
energy storage devices.”*>*** Nb,CT, and Nb,C;T, are commonly
synthesized by acid etching of their MAX phases Nb,AIC and
Nb,AIC;, respectively.?*****?** Nb,CT, exhibits outstanding
conductivity with a band gap near zero or even smaller, making
it a metallic material with flexible functional group combina-
tions.”®* These metallic MXene phases act as conductive layers,
facilitating faster charge transfer between catalyst surfaces and
electrodes. This characteristic proves advantageous for various
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electrochemical applications. On this basis, Sofer et al.>** re-
ported the capacitance behavior of Nb,CT, MXene by inter-
calating different cations [Na’, K', and Li']. Among the tested
cations, Li" showed better electrochemical performance and
capacitance behavior compared to Na® and K'. Specifically,
when Nb,CT, electrodes were used in 1 M Li,SO, electrolyte,
they had a higher specific capacitance of 153.9 Fg " at5mv s
compared to 1 M K,SO, electrolyte (90.1 Fg " at5mVs ") and 1
M Na,SO, electrolyte (55.69 F g~ at 5 mV s ') as depicted in
Fig. 8(a) and (b). This improved capacitance was attributed to
the fast transport and easy intercalation of the small-sized Li*
ions between the layers of Nb,CT, MXene as depicted in
Fig. 8(c). Similarly, Xiao and colleagues conducted the synthesis
of Nb,CT, MXene through the etching process of Nb,AlIC for
supercapacitor applications.”®® The resulting Nb,CT, MXene
electrode demonstrated a specific capacitance of 186 F g~ ' when
tested at a scan rate of 2 mV s ! in a 1 M H,SO, electrolyte.
The most commonly used niobium MXenes, Nb,CT, and
Nb,C;T,, are derived from the acid etching of their correspond-
ing MAX phases, Nb,AIC and Nb,AIC;, respectively. During the
exfoliation process, the metallic M-Al bonds are lost, resulting in
increased resistivity compared to their MAX phases. However,
Nb,C;T, MXene demonstrates lower resistivity compared to
Nb,CT,, attributed to the higher n value and the presence of
additional NbC layers, which retain more MAX phase charac-
teristics.”®* It has been observed that Nb,C,T, exhibits nearly 100
times higher electrical conductivity than Nb,CT,.>* In fact,
individual single-layer flakes of Nb,C;T, show an electrical
conductivity of 1024 & 165 S cm™ ', which is twice as high as that
of bulk Nb,C;T, assemblies. Based on these findings, Zhao
et al.*® reported the volumetric capacitance of a free-standing
film of Nb,C;T, MXene with large interlayer spacing, which
has been investigated in different electrolytes. Fig. 8(d) presents
an SEM image, illustrating that the Nb,C;T, sample consists of
both a limited number of layers and individual layers, with the
flake's dimensions spanning approximately 5 pm. The electrodes
exhibited high volumetric capacitance values of 506 F cm * in
1 M MgSO,, 687 F em ™2 in 1 M KOH, and 1075 Fcm 2 in 1 M
H,SO, when measured at a 5 mV s~ ' scan rate, as depicted in
Fig. 8(e). Among the tested electrolytes, the MXene film in 1 M
MgSO, demonstrated the highest series resistance, which is
represented by the intercept of the semicircle on the real
impedance axis. Conversely, the electrode in 1 M H,SO, exhibi-
ted the lowest charge transfer resistance, as indicated by the
smallest semicircle in the Nyquist plot in the low-frequency
range (Fig. 8(f)). Additionally, the H,SO, electrolyte facilitated
the fastest diffusion of ions, as denoted by the steepest slope of
the Nyquist plot. The mobility of potassium ions fell between
those of protons and magnesium ions, possibly due to the
smaller radius of H' ions, enabling them to migrate more easily
within the interlayer space of the MXene material. Consequently,
the performance of the H,SO, electrolyte was enhanced, result-
ing in higher volumetric capacitance values. Furthermore, Zhao
and colleagues reported the capacitance performance of Nb,C3T,
in an acidic electrolyte comprising Li,SO, and Na,SO,.**” The
Nb,C;T, electrode displayed a maximum specific capacitance of
177 Fg~'in a 1 M Li,SO, electrolyte when tested at a scan rate of
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5mvVs . Similarly, in a 1 M Na,SO, electrolyte at the same scan
rate, the electrode exhibited a maximum specific capacitance of
111 F g~ ", Notably, the electrode demonstrated excellent stability
with 90% capacitance retention after 10 000 cycles. The higher
capacitance observed in the Li,SO, electrolyte compared to the
Na,SO, electrolyte can be attributed to the increased interlayer
spacing, resulting from the intercalation and deintercalation of
Li ions.

One of the primary drawbacks associated with niobium-
based MXene electrodes in the realm of supercapacitor
devices is their inherent limitation in achieving high energy
density. While these materials have exhibited promising prop-
erties for various applications, including supercapacitors, their
ability to store and deliver energy efficiently is hampered by
their relatively low energy density. This deficiency can be
attributed to several factors, such as a limited surface area
available for charge accumulation, potential faradaic reactions
that introduce sluggish chemical transformations, and a con-
strained electrochemical potential window. Furthermore, the
presence of interlayer water content, which is characteristic of
many MXenes, contributes to the overall mass without
substantially contributing to charge storage. Consequently,
these factors collectively result in reduced energy storage
capacity and overall performance in supercapacitor devices
utilizing niobium-based MXene electrodes.

6.3. Vanadium-based MXenes

Extensive research has been conducted on vanadium based
MXenes as electrode materials for supercapacitors. These
MXenes exhibit remarkable characteristics, making them
highly intriguing for study. Notably, they possess a lightweight
nature, display pseudocapacitive behavior, demonstrate a high
capacity for Li-ion intercalation, and exhibit excellent conduc-
tivity.>****® Furthermore, vanadium MXenes offer an additional
advantage over Ti- and Mo-based MXenes by possessing a larger
interlayer spacing.”* This increased spacing proves beneficial
for the storage, intercalation, and deintercalation of energy.
Another notable aspect lies in the various valence states of +2,
+3, and +4 exhibited by the vanadium MXenes.*** These diverse
valence states have proven advantageous for improving the
supercapacitor performance. On this basis, Zhu et al**
synthesized V,C; MXene by etching aluminum (Al) from V,AIC;
for supercapacitor applications. The V,C; MXene electrode
demonstrated impressive performance, exhibiting a maximum
specific capacitance of 209 F g " ata scanrate of 2mV s 'ina1
M H,SO, electrolyte. Remarkably, the electrode also displayed
excellent capacitance retention, retaining 97.23% over 10 000
cycles. The excellent supercapacitor performance of V,C;
MXene can be attributed to several factors. Firstly, its wide
interlayer spacing allows for efficient ion transport and storage,
enhancing its energy storage capabilities. Additionally, the
MXene possesses a large surface area, and there are lots of
active sites available for electrochemical reactions. Moreover,
the material exhibits favorable pore volumes, facilitating elec-
trolyte penetration and enhancing ion accessibility. Lastly, V,C;
MXene demonstrates excellent hydrophilicity, promoting

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (a) Comparison of cyclic voltammetry profiles for Nb,CT, electrodes across various electrolyte solutions. (b) Evaluation of the specific
capacitance at different scan rates within diverse electrolyte media. (c) Visual representation depicting the process of intercalating various cations
between layers of Nb,CT,.2*> Copy @ Wiley-VCH 2021. (d) Cross-sectional SEM image of a NbsCsT, film (with the inset displaying an SEM image
of an individual flake). (e) Specific capacitance values obtained from the corresponding cyclic voltammetry curves. (f) Nyquist plots for Nb4C3T,
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effective interaction between the electrode and electrolyte,
thereby further improving its electrochemical performance.
Moreover, Shan et al.>*® reported the electrochemical behavior
of V,C MXene in three different aqueous electrolytes: MgSOy,,
H,S0O,, and KOH. Among these electrolytes, the highest specific
capacitance for the V,C MXene electrode was observed ina 1 M
H,S0, electrolyte, reaching a value of 487 F g~ ' at a scan rate of
2 mV s~ " with excellent stability of 99% capacitance retention
after 10 000 cycles at 10A g~ . On the other hand, in 1 M MgSO,
and 1 M KOH electrolytes, the specific capacitance values ach-
ieved were 225 F g~ ' and 184 F g ', respectively, also at a scan
rate of 2 mV s~ '. The higher specific capacitance of V,C MXene
in 1 M H,SO, compared to 1 M MgSO, and 1 M KOH is likely
attributed to favorable chemical interactions, enhanced ion
mobility, and the specific redox chemistry of sulfuric acid,
which collectively contribute to improved capacitive perfor-
mance. In addition, Syamsai et al.**® investigated the super-
capacitor performance of vanadium carbide (V,C;) MXenes
prepared through HF etching. The V,C; MXene electrode
demonstrated an impressively high specific capacitance of 330 F
g ' at a scan rate of 5 mV s ' in 1 M H,SO, electrolyte.
Furthermore, the electrode exhibited excellent capacitance
retention, maintaining 90% over 3000 cycles. Furthermore,
Zhou et al.**® conducted the synthesis of V,CT, MXenes specif-
ically for application as supercapacitor electrodes in a seawater
electrolyte. The V,CT, MXene electrode demonstrated a note-
worthy volumetric specific capacitance of 317.8 F cm ® when

This journal is © The Royal Society of Chemistry 2024

tested at 0.2 A g ' in the seawater electrolyte. Additionally, the
electrode exhibited excellent capacitance retention, maintain-
ing 89.1% of its initial capacitance over 5000 cycles. These
remarkable results can be attributed to the favorable interfacial
contact between the V,CT, MXene electrode and the electrolyte,
which enables fast ion transport channels within the stimu-
lating seawater electrolyte. Ming et al.>** synthesized V,CT,
MXene electrodes for potassium ion capacitors. V,C MXene was
obtained by removing aluminum (Al) from V,AlC MAX through
a combination of LiF and HCl. The resulting V,C MXene
powders were then subjected to further processing with a 2 M
KOH solution to obtain K-V,C MXene. Upon treatment, the
morphology of K-V,C MXene revealed an increased presence of
pores and cracks compared to pristine V,C MXene, as depicted
in Fig. 9(a) and (b). Notably, K-V,C MXene exhibited a signifi-
cant enhancement in its ability to store K" ions in non-aqueous
electrolytes compared to the original V,C MXene. The K-V,C
MXene device electrode demonstrated maximum energy and
power densities of 145 W h kg™ ' and 112.6 W kg™, as shown in
Fig. 9(c). Guan et al.>* synthesized V,C MXene by etching V,AIC
powder using a mixture of LiF and HCI. The V,C MXene elec-
trode exhibited a specific capacitance of 164 Fg ' at2mV s 'in
1 M Na,SO, electrolyte. The electrode demonstrated an excel-
lent capacitance retention of 90% after 10 000 cycles. Venkate-
shalu et al*?® produced V,NT, MXene by removing “Al”
from V,AIN through V,AIN powder in a LiF-HCI] mixture. The
V,NT, MXene material demonstrated a specific capacitance of
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112.8 F g~ " at a current density of 1.85 mA cm ™, and it retained

96% of its capacitance after 10 000 cycles in a 3.5 KOH elec-
trolyte. The electrodes made from V,NT, MXene exhibited energy
and power densities of 15.66 W h kg " and 3748.4 W kg .
Furthermore, aqueous asymmetric supercapacitor devices were
fabricated using V,NT, MXene as the negative electrode and
Mn;0, as the positive electrode. The specific capacitance of the
device electrode was measured to be 23.5 F g ' at a current
density of 1.85 mA cm > In their research, Chen et al>**
employed a selective etching process to synthesize V,CT,
MXene, which involved utilizing NaF and HCI to remove the
aluminum (Al) layer from V,AlC (MAX phase). The SEM images
of layered V,CT, MXene are depicted in Fig. 9(d). The
resulting V,CT, MXene electrode displayed a specific capaci-
tance of 481 F g~ " at 1 A g~ '. Remarkably, it exhibited a capac-
itance retention of 84% even after undergoing 60000
charge-discharge cycles in a 2 M ZnSO, electrolyte. To further
explore its potential, the researchers fabricated an aqueous
asymmetric supercapacitor device utilizing V,CT, as the anode
and active carbon as the cathode in a ZnSO, electrolyte. The CV
curves of the assembled V,CT,//AC device maintain a distinct
rectangle-like shape without noticeable distortion, demon-
strating favorable rate performance (Fig. 9(e)). Notably, the
device's electrode exhibited a specific capacitance of 76 F g~ "
at 1 A g~ ', while maintaining a capacitance retention of 79%
after 100 000 cycles at 10 A g~'. Additionally, the device elec-
trode possessed notable power and energy density values of
13.4 kW kg ' and 17 W h kg '. The exceptional specific
capacitance observed in the V,CT, MXene electrode can be
attributed to the intercalation and deintercalation of H' and
Zn>" ions between the layers of V,CT, MXene.
Vanadium-based MXenes exhibit several inherent disad-
vantages that pose challenges to their effective utilization in
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supercapacitor applications. Notably, these materials demon-
strate poor cycling stability, experiencing gradual degradation
in electrochemical performance over repeated charge and
discharge cycles. Additionally, the complexity of their synthesis
process contributes to difficulties in achieving scalability for
large-scale production. Despite possessing a high surface area
and excellent conductivity, vanadium-based MXenes still
exhibit relatively weak electrochemical performance in terms of
specific capacitance and energy density, potentially limiting
their competitiveness against alternative supercapacitor mate-
rials. Another drawback is their lower potential window, con-
straining the voltage range within which they can operate
efficiently. Despite these limitations, ongoing research is
focused on optimizing the electrochemical performance of
vanadium-based MXenes, involving refinement of synthesis
methods, structural modifications, and integration strategies.
This concerted effort aims to unlock their full potential and
address the challenges associated with their practical imple-
mentation in supercapacitor technologies.

6.4. Molybdenum based MXenes

Molybdenum-based MXenes, such as M,CT,, M;C, Ty, M4C;3T,,
and Mo, ;;C i-MXene, are attracting interest as potential elec-
trode materials for electrochemical energy storage applications
due to their exceptional electrical and mechanical proper-
ties.”*”** These MXenes are derived from parent MAX phases by
selectively etching away the A-group elements (such as
aluminum (Al) and scandium (Sc)) to obtain the desired MXene
structure.>*>* Mo, 33C i-MXene, obtained by eliminating both Sc
and Al from the Mo, 3Sc;3AIC i-MAX phase, has demonstrated an
impressive volumetric capacitance of 1150 F cm™ 3225
This notable improvement in capacitance can be attributed to the
presence of ordered vacancies within the MXene structure. These

This journal is © The Royal Society of Chemistry 2024
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vacancies provide additional active sites for ion adsorption,
leading to higher capacitance and improved energy storage
performance.”®* Another important aspect contributing to the
possibilities of molybdenum-based MXenes in energy storage
devices is the ability of molybdenum to exist in multiple oxidation
states.”***> Molybdenum ions can undergo reversible redox
reactions, allowing for a wide range of electrochemical processes
to occur within the MXene material. During charge and discharge
cycles in an electrochemical energy storage device, ions can
intercalate and deintercalate within the MXene structure, facili-
tated by these redox reactions.***** This dynamic mechanism of
molybdenum ion intercalation facilitates efficient energy storage
and retrieval, leading to improved device performance and higher
energy densities. On this basis, He et al.*** reported the impact of
different electrolytes on the performance of Mo,CT, MXene. The
Mo,CT, MXene electrode exhibited a maximum specific capaci-
tance of 79.14 F g ' at 0.3 A g ' in H,S0, electrolyte. In
comparison, the specific capacitance was lower in 1 M KOH
(11.27 F g7') and MgSO, (18.97 F g™ ") electrolytes, both at
0.3 A g~". The Mo,CT, MXene electrode demonstrated superior
capacitance retention in the H,SO, electrolyte, with 98% reten-
tion over 5000 cycles, whereas KOH showed 89.9% retention and
MgSO, showed 96% retention. The higher performance observed
in the H,SO, electrolyte can be attributed to hydrogen (H) having
the highest adsorption energy and the maximum number of
atoms adsorbed. H atoms diffuse on the surface of Mo,CO,
MXene and directly attach to its surface, leading to enhanced
performance. Furthermore, the researchers fabricated a solid-
state symmetric supercapacitor device using two electrodes of
Mo,CT, MXene with PVA/H,SO, electrolyte. The device's Mo,CT,
MXene electrode exhibited a specific capacitance of 64.74 F g~ ' at
a scan rate of 0.2 A g ' and demonstrated superior cycling
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stability with 89.2% capacitance retention after 10 000 cycles.
The device electrode achieved a maximum energy density of
16.0 W h L™ and a power density of 1449.1 W L™". Furthermore,
Ghazaly et al” synthesized Mo, 33C MXene for asymmetric
supercapacitor devices utilizing LiCl electrolyte. The side view of
the Mo, 33C MXene exhibited free-standing layered films with an
average thickness of 5 pm, as depicted in Fig. 10(a). The Mo, 33C
MXene electrode demonstrated a specific capacitance of 217 F g~
at a scan rate of 2 mV s~ " and retained 85% of its capacitance
after 7000 charging/discharging cycles in a 5 M LiCl electrolyte.
For the fabrication of asymmetric supercapacitor devices, Mo, 35C
MXene served as the anode electrode, while Mn,O,, was utilized as
the cathode electrode. The asymmetric supercapacitor devices
exhibited a maximum gravimetric capacitance of 38 F g~ " at
a scan rate of 2 mV s~ ', with a capacitance retention of 92% after
10 000 charging/discharging cycles, as depicted in Fig. 10(b)—(c).
The galvanostatic charge-discharge curves displayed a symmetric
triangular shape without any noticeable IR drop, indicating the
high reversibility of redox reactions at the Mo, ;;C electrode/
electrolyte interface. The device electrode achieved a maximum
energy density of 19 W h kg™ " and a power density of 1.08 W kg™ ™.
The presence of atomic vacancies within the Mo, 33C MXene
structure significantly enhanced the diffusion as well as the
adsorption of Li ions on the MXene surface. These atomic
vacancies provided additional active sites for ion adsorption,
leading to higher capacitance and improved overall performance
of the supercapacitor device. Moreover, Zheng et al.'* reported
the use of Mo, ;3CT, MXene in a symmetric supercapacitor
device. Cross-sectional scanning electron microscope (SEM)
images revealed a morphology characterized by stacked flakes, as
depicted in Fig. 10(d). The Mo, 33CT, MXene exhibited excellent
flexibility, as shown in Fig. 10(e). The density of the Mo, 3;3CT,
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Fig. 10 (a) Scanning electron microscope cross-sectional image of the Mo, 33C MXene film. (b) Gravimetric capacitance values of the MXene//
Mn,O,, device measured at different scan rates. (c) Capacitance retention and coulombic efficiency data for the asymmetric supercapacitor
device, with the inset displaying the charge/discharge curves at a current density of 10 A g~1.7° Copy @ Elsevier 2021. (d) Cross-sectional SEM
images of Mo, 33CT, films. (e) Images displaying the flexibility of Mo, 33CT, films, with the inset capturing the Tyndall effect. (f) Ragone plot
illustrating the performance of the Moy 33CT, MXene symmetric supercapacitor device.**®* Copy@ Elsevier 2022.
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MXene material was measured to be 3.5 g cm™2. The Mo, 53CT,
MXene electrode demonstrated an impressive maximum volu-
metric capacitance of 681.5 F cm > at 2 mV s~ '. To fabricate the
symmetric supercapacitor device, two electrodes composed of
Mo, 33CT, MXene were employed, along with a LiCl electrolyte
with a concentration of 19.5 M. The resulting Mo, 33CT, MXene
device exhibited a volumetric capacitance of 140 F cm™> at a scan
rate of 2 mV s~ ', demonstrating a superior capacitance retention
of 84.8% over 20 000 cycles. Furthermore, the device electrode
displayed an energy density of 41.3 mW h cm™® and a power
density of 165.2 mW cm >, as depicted in Fig. 10(f). Additionally,
El-Ghazaly et al>® investigated Mo, 33CT, MXene in different
electrolytes for supercapacitor applications. They investigated the
electrochemical behavior of Mo, 33CT, electrodes in six different
aqueous sulfate electrolytes, namely K,SO,, Na,SO,4, Li,SO,,
ZnSO,4, MnSO,, and MgSO,. Among these electrolytes, 1 M MnSO,
showed the highest specific capacitance of 185 F g ' at a scan rate
of 2 mV s~ . Furthermore, the researchers fabricated symmetric
and asymmetric supercapacitor devices using a 0.5 M K,SO,
electrolyte. The symmetric supercapacitor exhibited a capacitance
of 24 Fg~" at 2 mV s, with a capacitance retention of 82% after
5000 cycles. On the other hand, the asymmetric supercapacitor
device exhibited a capacitance of 22 F g ' at 2 mV s, with
a capacitance retention of 97% after 5000 cycles. The higher
capacitance observed in the presence of Mn>* in the Mo, 35CT,
electrodes can be attributed to several factors. Firstly, Mn>" ions
carry a double positive charge, making them more charge dense
than Li*, Na* and K" ions. This higher charge density allows for
stronger electrostatic interactions between the Mn”>* ions and the
negatively charged MXene surface. The stronger electrostatic
interactions promote greater ion adsorption and thus increased
capacitance. Secondly, Mn>* ions have a larger atomic radius
compared to other ions. The larger size of Mn** ions may facili-
tate their intercalation into the interlayer spaces of the MXene
structure. The intercalation of Mn** ions provides more active
sites for charge storage, leading to an increase in the overall
capacitance of the electrode. Additionally, the specific intercala-
tion mechanism of the Mo, 33CT, MXene material may favor the
intercalation of Mn”>" ions more effectively than Li* ions. The
MXene structure and surface chemistry can influence the inter-
calation behavior of different cations. It is possible that the
Mo, 33CT, structure provides more favorable sites or channels for
the accommodation of Mn®" ions, resulting in a higher capaci-
tance compared to other ions.

Building flexible hybrid supercapacitors using molybdenum-
based MXene electrodes presents several challenges. Firstly,
achieving a robust interface between the flexible substrate and
MXene electrode while maintaining mechanical integrity is
complex. Secondly, optimizing the energy density and power
density balance without sacrificing flexibility is demanding due
to material limitations. Thirdly, ensuring long-term cycling
stability and charge-discharge efficiency remains a hurdle due
to potential MXene degradation. Moreover, integrating
complementary components like current collectors and elec-
trolytes seamlessly into the flexible design requires intricate
engineering. Lastly, upscaling production while maintaining
consistent performance raises manufacturing complexities.
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Overcoming these challenges is crucial for realizing efficient
and durable flexible hybrid SCs based on molybdenum-based
MXene electrodes.

6.5. Tantalum based MXenes

Tantalum-based MXenes, specifically Ta,C; MXene, have
garnered significant interest in the field of supercapacitors.>**
Researchers have been captivated by the potential of tantalum-
based MXenes owing to their range of desirable properties,
which include flexible conductivity, superior thermal and
chemical properties, extraordinary mechanical features,
outstanding wear resistance, and superior heat resistance.>****
On this basis, Syamsai and colleagues synthesized Ta,C; MXene
by eliminating an intermediate Al from the initial Ta,AlC; MAX
phase using HF acid.”®* The resulting Ta,C; MXene electrode
displayed a specific capacitance of 481 F g * at 5 mV s * in
a 0.1 M H,SO, electrolyte. Notably, it exhibited cycling stability
with 89% capacitance retention over 2000 cycles. The synthesis
process facilitated the efficient penetration of electrolytic ions
into the Ta,C; MXene electrode, creating a pathway for ion
movement and enhancing the electrochemical activity. By
providing a favorable pathway for ion movement, the synthe-
sized electrode allowed for enhanced electrochemical activity.
Furthermore, Rafieerad et al**® synthesized fluorine-free
tantalum carbide MXene for supercapacitor applications. They
achieved this by modifying the Ta,AlC; MAX phase through
selective etching of the aluminum (Al) atoms present on the
edge and outer surface of the material using a KOH solution.
This process resulted in the formation of oxidized Ta,C;T,
MXene nanosheets. The Ta,C;T, MXene electrode demonstrated
a specific capacitance of 95 F g " at a scan rate of 1 mV s ' in
PVA/H;PO, gel electrolyte.

Tantalum-based MXenes exhibit certain drawbacks that
need to be carefully considered for their potential application in
supercapacitors. One notable concern is the relative rarity and
high cost of tantalum as an element. This inherent scarcity
could potentially hinder the widespread adoption of tantalum-
based MXenes in supercapacitor applications, as the elevated
cost associated with tantalum procurement might raise signif-
icant economic concerns. Furthermore, another limitation of
tantalum-based MXenes pertains to their low cycling stability.
Over successive charge-discharge cycles, these materials can
experience degradation, leading to a reduced lifespan and
overall performance of supercapacitor devices.

Table 1 clearly indicates that titanium-based MXenes as well
as vanadium-based MXenes exhibit better energy density,
specific capacitance, capacitance retention, surface area and
power density in comparison to other MXene-based materials,
including those based on niobium, molybdenum, and
tantalum. This superiority can be attributed to their distinct
electronic and structural characteristics. The inherent proper-
ties of titanium and vanadium-based MXenes enable them to
achieve higher energy storage capabilities. Their 2D layered
structure provides a massive surface area, promoting efficient
ion adsorption and enhanced charge storage capacity. More-
over, the unique combination of transition metal atoms in these
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MXenes facilitates enhanced electron mobility, which translates
to higher power density during charge-discharge cycles. The
electronic conductivity of both titanium and vanadium based
MXenes is substantially higher compared to that of other
MXenes, leading to reduced internal resistance and improved
charge transport kinetics. This, in turn, results in lower energy
losses during operation, contributing to the observed higher
energy density. Additionally, the chemical stability of these
MXenes, particularly titanium-based ones, ensures prolonged
cycling stability, making them ideal candidates for long-lasting
supercapacitor applications. Furthermore, niobium-based
MXenes, molybdenum-based MXenes, and tantalum-based
MXenes exhibit certain pros and cons. Niobium-based
MXenes and molybdenum-based MXenes have relatively low
capacitances and energy densities compared to titanium-based
MXenes as well as vanadium-based MXenes because of their
small surface and electrical conductivity. Under certain condi-
tions, tantalum-based MXenes have limited cycling stability and
stability problems.

MXene-based materials offer several pros in the realm of
energy storage technology. Firstly, their hydrophilic surface
ensures high capacitance, making them efficient for storing and
releasing electrical energy. Moreover, their superior conduc-
tivity facilitates swift charge transfer, thereby enhancing the
performance of supercapacitor devices. Additionally, certain
variants exhibit a wide voltage window, enabling the storage of
higher energy densities compared to conventional electrode
materials. Furthermore, the pseudocapacitive behavior of
MXenes contributes to their electrochemical performance,
further bolstering their appeal in energy storage applications.
Another benefit lies in their larger interlayer spacing, which
enhances ion transport and accessibility, ultimately improving
overall capacitance. However, the utility of MXene-based
materials is not without its challenges. One notable con is the
intricate and potentially hazardous synthesis process involved.
The use of hazardous chemicals poses scalability issues and
hurdles in large-scale production. Furthermore, certain MXene
variants, such as niobium-based, molybdenum-based, and
tantalum-based MXenes, suffer from limited cycle stability.
Over repeated charge and discharge cycles, these materials may
experience gradual degradation in their electrochemical
performance, reducing their longevity and reliability. Despite
these cons, ongoing research and development efforts aim to
address these challenges and further unlock the potential of
MXene-based materials for supercapacitor applications.

MXene-based materials show promising advantages when
compared to other popular electrode materials in super-
capacitors. In comparison to activated carbon, MXenes boast
higher conductivity and potentially greater capacitance,
although challenges remain in achieving equivalent energy
density and cycle life.”**®* When compared with carbon nano-
tubes and graphene, MXenes demonstrate comparable or even
superior capacitance and conductivity.?’> Moreover, MXenes
offer scalability advantages and can be tailored for specific
electrochemical performances due to their versatile surface
chemistry.”*® In contrast to pseudocapacitive materials such as
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TMOs, TMPs, TMNs and conducting polymers, MXenes typi-
cally exhibit higher conductivity and reversible charge storage.®”

/. Exploring strategies for
engineering the electronic structure in
MXene based electrodes

While pure MXenes exhibit excellent electrochemical proper-
ties, their long-term utilization or application in commercial
settings with an extended lifespan can lead to inherent layer
restacking, resulting in denser structures during electrode
preparation due to van der Waals interactions.*®” Consequently,
MXenes that have been used for an extended period of time
suffer from certain shortcomings compared to freshly prepared
pure MXenes. These drawbacks include reduced electrode
material stability, an unaffected microstructure, lack of reten-
tion, relatively smaller capacitance, and restricted electrolyte
diffusion.®® To overcome these challenges and achieve high-
performance supercapacitor applications, there is a pressing
need for promising modifications. There are several methods
available to alter the electronic configuration of MXene,
including heterostructure-based MXene, heteroatom doping-
based MXene, polymer-based MXene, MXene-based
composite, and ternary composite formation. This section
provides an overview of various approaches aimed at enhancing
the electrochemical performance of MXenes.

7.1. Heterostructure-based MXenes

Heterostructures have shown tremendous potential for
increasing the supercapacitor performance of MXene-based
electrodes.”®® By incorporating heterostructures into MXene
electrodes, several performance enhancements can be achieved.
Firstly, heterostructures can enhance the MXene electrode
surface area.”® The combination of MXenes with other mate-
rials, such as metal oxides, metal sulfides, metal selenides,
metal nitrides, layered double hydroxides (LDHs) and carbon-
based materials, creates a hierarchical structure with multiple
interfaces.>**>** These interfaces provide additional active sites
for charge storage, leading to a higher capacitance and
improved energy storage capacity. Secondly, heterostructures
can improve the charge transfer kinetics of MXene electrodes.”*
MXenes have high electrical conductivity but sometimes suffer
from limited ion diffusion due to their interlayer spacing. By
introducing heterostructures, the ion diffusion pathways can be
optimized, facilitating faster ion transport and reducing the
resistance at the electrode-electrolyte interface.>** Furthermore,
heterostructures can enhance the structural stability of MXene
electrodes. MXenes are susceptible to volume changes and
mechanical degradation during repeated charge-discharge
cycles.*®* By integrating MXenes with other materials in a het-
erostructure, the overall mechanical integrity and stability of
the electrode can be improved, leading to better long-term
performance and cycling stability of supercapacitors.>*> On
this basis, Wang et al.>*® synthesized a 1T-MoS,/Ti;C, MXene
heterostructure using a high magnetic field hydrothermal
method for flexible symmetric supercapacitor devices. The
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resulting composite exhibited a 3D interconnected structure,
enlarged interlayer spacing, improved conductivity, and excel-
lent structural stability. A flexible symmetric supercapacitor was
fabricated using two 1T-MoS,/Ti;C, MXene electrodes and PVA-
H,S0, electrolyte. The symmetric supercapacitor device shows
an excellent areal capacitance of 347 mF cm™ > at 2 mA cm ™~ > and
a capacitance retention of 91.1% over 20 000 cycles. The device
shows a power density of 600 uW cm > and an energy density of
17.4 uW cm > The outstanding rate performance observed in
the 1T-MoS,/Ti;C, MXene heterostructure can be attributed to
the remarkable properties of Ti;C, MXene, specifically its
ultrafast electron transport capability. The unique two-
dimensional structure of Ti;C, MXene allows for the rapid
movement of electrons within its layers, enabling efficient
charge storage and transfer processes. Furthermore, the 1T-
MoS,/Tiz;C, MXene heterostructure benefits from the strong
coupling between the high-capacitance 1T-MoS, nanosheets
and the high-rate Ti;C, MXene. The integration of these two
materials creates a synergistic effect, combining the enhanced
energy storage capacity of 1T-MoS, nanosheets with the supe-
rior charge/discharge capability of Ti;C, MXene. As a result, the
heterostructure exhibits exceptional electrochemical perfor-
mance, combining both high energy storage capacity and the
ability to handle rapid charge-discharge rates. Furthermore,
Liu et al.**® synthesized carbon/Ti;C,T, MXene heterostructures
for supercapacitor applications. The resulting electrode
demonstrated a high specific capacitance of 247 F g~ * at 0.2 A
g~ ', along with an excellent capacitance retention of 96.9% over
10 000 cycles. This remarkable cycling stability can be attributed
to the presence of heterostructures in the electrode. Moreover,
Rout et al.>* synthesized VTe,/Ti;C,T, MXene heterostructures
using a facile hydrothermal method for supercapacitor appli-
cations. The VTe,/Ti;C,T, MXene electrode demonstrated
a specific capacitance of 250 F g~ ' at 0.25 A g~ '. Additionally, an
aqueous asymmetric supercapacitor device was fabricated using
VTe,/MXene as the cathode electrode and MoS,/MXene as the
anode electrode, with a 0.5 M K,SO, electrolyte. The device
exhibited an excellent energy density of 46.3 W h kg™, power
density of 400 W kg™, and remarkable stability with 87%
capacitance retention over 7000 cycles. The synergistic inter-
playing effects induced by the heterostructures contribute to the
enhanced supercapacitance performance of the MXene elec-
trodes. In addition, Feng et al.>*” synthesized a Ti;C,T, MXene/
1T-WSe, heterostructure for micro-supercapacitors. A solid-
state symmetric micro-supercapacitor device was constructed
with two Ti;C,T, MXene/1T-WSe, electrodes with a PVA-KOH
electrolyte. The device had a specific capacitance of 355.2 F g *
at 1 A g, with a remarkable capacitance retention of 99.8%
after 10 000 cycles. The device had energy and power densities
of 32 yW h em™? and 10.7 mW h cm™2. Sathish et al>®
successfully synthesized 2D/2D Nb,C/Ti;C, MXene hetero-
structures for supercapacitor applications, showcasing
sustainable cycling stability. The schematic illustration of the
synthesis process of Nb,C/Ti;C, MXene heterostructures is
presented in Fig. 11(a). The layer morphology of the hetero-
structures can be observed in Fig. 11(b). The interconnected
layers of Nb,C and Ti;C, MXenes promote enhanced charge
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storage dynamics as well as ion diffusion pathways within the
heterostructure. This interconnected structure allows for effi-
cient transport of ions and electrons, facilitating rapid and
reversible redox reactions during the charging and discharging
processes. A solid-state symmetric supercapacitor device was
constructed and assessed with two Nb,C/Ti;C, MXene elec-
trodes and a gel PVA/H,SO, electrolyte, as depicted in Fig. 11(c).
The symmetric device had an energy density of 12.3 Wh kg™, as
shown in Fig. 11(d). Furthermore, the device demonstrated
outstanding cycling stability, maintaining 98% of its capacity
over 50 000 cycles, as depicted in Fig. 11(e). The excellent cycling
stability observed in the Nb,C/Ti;C, MXene heterostructures
can be attributed to several factors. The 2D/2D heterostructure
design allows for enhanced charge transfer kinetics as well as
the efficient utilization of the electrode materials. Additionally,
interfacial interactions between Nb,C and Ti;C, MXene layers
contribute to the structural integrity and prevent degradation
during cycling. Furthermore, the gel PVA/H,SO, electrolyte
provides a stable environment for ion transport and suppresses
side reactions, thereby promoting long-term stability. Further-
more, Sathish et al>*® demonstrated the synthesis of 2D/2D
MXene/boron carbon nitride (BCN) heterostructures for super-
capacitor applications. The fabrication process of the MXene/
BCN heterostructure is illustrated in Fig. 11(f). Solid-state
symmetric supercapacitors were fabricated and assessed using
two MXene/BCN electrodes with a PVA/H,SO, electrolyte. The
devices' CV curves at different scan rates are depicted in
Fig. 11(g). The MXene/BCN heterostructure exhibited an
outstanding capacitance performance of 245 F g ' at 1 A g~ ..
Moreover, the device demonstrated exceptional capacitance
retention, maintaining 100% of its initial capacitance over an
impressive 100 000 cycles. This remarkable cycling stability
indicates the long-term durability and reliability of the MXene/
BCN heterostructure. In terms of energy storage, the device
exhibited an excellent energy density of 22 W h kg™" and the
power density of the device reached 8004 W kg™, indicating its
high-power delivery capability, as shown in Fig. 11(h). The in
situ growth of BCN nanosheets on the surfaces of MXene creates
an interconnected conductive network. This network facilitates
rapid electron transport throughout the electrode, reducing
internal resistance and enabling high-rate charge/discharge
processes. The presence of this conductive network enhances
the overall capacitance as well as the energy storage capabilities
of the supercapacitor. Additionally, the MXene/boron carbon
nitride heterostructure exhibits a wide potential window, which
refers to the range of voltages over which the supercapacitor can
operate effectively. The wider potential window enables the
utilization of a larger voltage range, resulting in increased
energy storage capacity and higher specific capacitance. Gogotsi
et al.*” synthesized flexible MXene/rGO heterostructures using
electrostatic self-assembly. The hybrid structure achieved
improved interlayer spacing and prevented restacking, resulting
in better ion channels and increased active surface sites.
The electrode had a volumetric capacitance of 1040 F cm > at
2 mV s ' as well as a capacitance retention of 61% over
20 000 cycles. In addition, the symmetric supercapacitor device

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 (a) Fabrication process of the synthesis of the Nb,C/TizC, MXene heterointerface through an in situ selective acid etching approach. (b)
Field emission scanning electron microscope image of the Nb,C/TisC, heterointerface. (c) An exploded diagram of the solid-state symmetric
supercapacitor device along with an inset showing the Nb,C/TizC, MXene heterointerface solid-state device illuminating a green LED. (d) The
Ragone plot illustrating the performance of the all-solid-state device featuring the Nb,C/TizC, MXene heterointerface supercapacitor. (e)
Cycling stability of the all-solid-state Nb,C/TisC, MXene heterointerface over 50 000 cycles, evaluated at a current density of 2 A g~.2% Copy @
American Chemical Society 2022. (f) Illustrative representation of the synthesis and creation process of the MXene/BCN nanocomposite through
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exhibited an energy density of 32.6 W h L' and a power density
of 74.4 kW L.

Nowadays, MXenes on transition metal double-layer
hydroxide (LDH) heterostructures are emerging as highly
attractive materials for supercapacitors owing to their excep-
tional theoretical capacitance, affordable price, and ability to

This journal is © The Royal Society of Chemistry 2024

enable high pseudocapacitance through increased oxidation
numbers.>*>*”?”> Moreover, their composition can be easily
tuned, allowing for the development of novel morphologies and
leveraging their outstanding physical and chemical proper-
ties.””**”* On this basis, Wang et al.*”® investigated V,C;T, to
develop a NiCoAl-LDH/MXene heterostructure for hybrid
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supercapacitors. The interconnected microstructure was ach-
ieved through the in situ formation of LDH on HF-etched
MXene, forming a conductive network. The electrode exhibi-
ted a capacitance of 627C g " at 1 A g~ ' as well as a rate capacity
of 300C g at 20 A g~ . A hybrid supercapacitor was fabricated
using NiCoAl-LDH/MXene as the positive electrode and AC as
the negative electrode. The device had a maximum energy
density of 71.7 W h kg~ " and power density of 20 kW kg~ '. The
exceptional supercapacitor performance of the V,C;T, MXene/
NiCoAlI-LDH heterostructure can be attributed to its inter-
connected conductive network, which enables efficient ion
transport and rapid charge transfer, leading to high capacitance
and excellent rate capability. Similarly, Hui et al.>**> synthesized
a binder-free Ti;C,T, MXene/NiCo LDH heterostructure on
nickel foam using an in situ electrodeposition method. The
electrode exhibited a capacitance of 983.6 Fg " at 2 Ag " A
flexible solid-state asymmetric supercapacitor was constructed
using MXene/NiCo LDH as the positive electrode and multi-
walled CNTs as the negative electrode. The device had
maximum energy and power densities of 36.7 W h kg™ * and 14
400 W kg~'. The heterostructure provided enhanced ion/
electron paths and increased active sites, leading to a larger
faradaic capacitance.

DFT studies offer a profound understanding of the mecha-
nisms behind the enhanced capacitance observed in a rosette-
like V-(Ni,Co)Se,@Nb,CT, MXene (V-NCSN) heterostructure
with abundant Se vacancies, as reported by Shen et al.>® The
investigation begins by scrutinizing the special heterogeneous
interface and vacancy structure within the V-NCSN material.
Through systematic characterization and computational simu-
lations, it becomes apparent that these structural features
fundamentally modulate the electron structure of the host
material. Specifically, the presence of Se vacancies alters the
adsorption energy of OH™ ions, leading to a more favorable
interaction with the V-NCSN electrode compared to the pristine
NCSN material. This phenomenon results in an increased
affinity for OH™ ions, thereby enhancing the kinetics of the V-
NCSN electrode. Moreover, the unique heterostructure and
vacancy-rich environment contribute synergistically to elevate
the overall capacitance of the V-NCSN electrode. These findings
shed light on the intricate interplay between the structure and
electrochemical performance of MXene-based materials,
offering valuable insights for the design of high-performance
energy storage devices.

Furthermore, Yang et al.””” reported density functional theory
studies on Ni-MOF/V,CT,-MXene heterostructures for super-
capacitor applications. They further investigated the interfacial
interaction via the Ni-O-V bonds between Ni-terephthalic acid
(BDC) and V,CT, at the heterojunction. DFT calculations on the
density of states (DOS) of Ni-BDC and MOF/MXene were carried
out to explore this interaction. The calculated model structure of
the heterogeneous MOF/MXene was illustrated, revealing
a discontinuous DOS near the Fermi level for Ni-BDC, indicating
its semiconductor behavior. Conversely, MOF/MXene showed an
increased energy state near the Fermi level, suggesting improved
electronic conductivity, as shown in Fig. 11(i). To validate these
theoretical findings, UV-vis absorption spectroscopy was
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performed. The results showed that V,CT, exhibited metallic
properties with full frequency absorption, while MOF/MXene
displayed intrinsic absorption with a redshift compared to Ni-
BDC, indicating a reduced bandgap and enhanced conductivity
upon incorporating V,CT, into Ni-BDC. Interestingly, MOF/
MXene exhibited even higher intrinsic conductivity, attributed
to strong interfacial interactions. The results -collectively
demonstrate that heat treatment positively affects the construc-
tion of heterogeneous interfacial structures, leading to abundant
Ni-O-V bridging bonds in MOF/MXene/NF. This enhancement in
the interfacial structure contributes to increased overall conduc-
tivity and a higher valence state of V ions, suggesting the potential
for high-performance supercapacitors using the MOF/MXene/NF
electrode. Additionally, the study conducted by Shen et al>”®
investigated the electrochemical behavior and electronic proper-
ties of a heterostructure comprising NiCo,0O, and Nb,CT, MXene
using DFT analysis. Through computational modeling, the study
elucidates the chemical bond formations at the interface between
Co-O bonds in NiCo,0, and Nb,CT, MXene, highlighting their
role in regulating the charge density crucial for redox reactions.
DFT calculations reveal that the introduction of Nb,CT, MXene
enhances the adsorption energy of OH™ ions onto the composite
surface, facilitating more favorable redox reactions. The analysis
of the density of states (DOS) and partial density of states (PDOS)
indicates a significant improvement in electrical conductivity in
the composite material compared to pure NiCo,0,, attributed to
enhanced charge transfer performance due to the presence of
Nb,CT, MXene. Further insights into orbital interactions
demonstrate an enhanced state near the Fermi level after
hybridization with Nb,CT, MXene, indicative of improved charge
transfer capabilities. Additionally, charge density differences
reveal electron migration from NiCo,O, to the Nb,CT, MXene
surface, affecting the Fermi level and electrical conductivity of the
composite material. Overall, these findings highlight the benefi-
cial effects of Nb,CT, MXene in enhancing the energy storage
capacity and rate capability of the NiCo,0,@Nb,CT, MXene
composite, making it a promising candidate for applications
such as supercapacitors.

7.2. Heteroatom doping

Heteroatom doping has emerged as a widely adopted strategy to
increase the specific capacitance, superior stability, and
massive conductivity and it has proven particularly effective in
improving the properties of MXenes.>*>*”” However, their elec-
trochemical performance can be further optimized by incor-
porating heteroatoms such as boron (B), nitrogen (N),
phosphorus (P), and sulfur (S) into their structures.?**2?*> The
introduction of boron into MXenes offers several advantages.
Boron doping enhances the electrical conductivity of MXenes,
making them more efficient for charge transfer during electro-
chemical reactions.”®**** Moreover, it improves the hydrophi-
licity of MXenes, promoting better interaction with the
electrolyte and facilitating ion transport across the electrode-
electrolyte interface. Additionally, boron doping can increase
the pseudocapacitance of MXenes, resulting in enhanced
energy storage capability as well as improved cycling stability.”*

This journal is © The Royal Society of Chemistry 2024
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Similarly, nitrogen doping has been widely employed to modify
MXene properties. Nitrogen-doped MXenes exhibit enhanced
electrical conductivity, mainly attributed to the introduction of
electron-rich nitrogen atoms that promote charge transfer.”®*
Furthermore, nitrogen doping increases the surface wettability
of MXenes, allowing for better electrolyte infiltration and
enhanced ion accessibility.>”® This, in turn, improves the overall
electrochemical performance, especially in terms of capacitance
and rate capability.®*

Phosphorus and sulfur doping have also shown promise in
optimizing MZXene performance.?®?* Phosphorus-doped
MXenes exhibit improved electrical conductivity due to the
presence of extra electrons provided by phosphorus atoms.*®
Moreover, phosphorus doping enhances the hydrophilicity and
pseudocapacitive behavior of MXenes, leading to improved
charge storage capacity and electrochemical performance.*®?
Similarly, sulfur doping can enhance the electrical conductivity
of MXenes, while also introducing additional active sites for
redox reactions, thereby enhancing their pseudocapacitive
behavior.?®® On this basis, Tang et al.*®” synthesized N-doped m-
Ti;C, T, using a hydrothermal reaction. The specific capacitance
of the material was effectively doubled through N doping, with
synergistic benefits stemming from the advancements in both
conductivity and pseudocapacitance. Wen et al.>”® conducted
a synthesis of N-doped Ti;C,T, by subjecting Ti;C,T, to post-
etch annealing in ammonia. The N-doped Ti;C,T, electrode
demonstrated a specific capacitance of 192 Fg ' at 1 mV s~ in
a 1 M H,SO, electrolyte. This value is significantly higher
compared to the specific capacitance of the undoped Ti;C,T,
electrode materials, which recorded 34 F g~" at the same scan
rate. The presence of nitrogen (N) in N-doped MXenes demon-
strates a synergistic effect that arises from two key factors: an
enlarged interlayer distance and the presence of N-containing
functional groups. This effect is particularly significant in N-
doped Ti;C,T, MXene materials. In undoped Ti;C,T, MXenes,
the contribution to capacitance comes from two sources: elec-
trical double-layer capacitance and pseudocapacitance result-
ing from the oxidation of titanium (Ti) species. However, in N-
doped Ti;C,T, electrodes, the increased interlayer spacing
plays a crucial role in enhancing their capacitance. The
enlarged interlayer distance in N-doped Ti;C,T, MXene
provides several benefits. Firstly, it creates more room between
the MXene layers, allowing for increased ion diffusion and
improved accessibility of electrolyte ions to the electrode
surface. This, in turn, enhances the electrochemical reactions
and increases the charge storage capacity. Secondly, the pres-
ence of N-containing functional groups introduces additional
redox-active sites, contributing to the overall pseudocapacitance
of the material. The combination of an enlarged interlayer
distance and N-containing functional groups in N-doped
Ti;C,T, MXene materials leads to improved capacitance
performance. This synergistic effect facilitates enhanced energy
storage capabilities. Moreover, Yang et al”*® conducted
a synthesis of N-doped Ti;C,T, electrode materials, which
demonstrated a remarkable high-capacity performance.
Specifically, the N-doped Ti;C,T, electrode exhibited a specific
capacitance of 126 F g~ when tested at 2 A g~ ' in a 6 M KOH
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solution. This capacitance value is significantly higher
compared to the undoped Ti;C,T, electrode, which recorded
a specific capacitance of 92 F g~ " under the same conditions. In
addition, the N-doped Ti;C,T, electrode exhibited an excep-
tional capacitance retention of 86.4% over 2000 cycles. The
same research group extended their study by co-doping Ti;C, T,
with both nitrogen (N) and sulfur (S) using thiourea as a source
for both dopants.®® This co-doping strategy resulted in
a significant enhancement in the electrode performance. The
co-doped Ti;C,T, electrode had a specific capacitance of 175 F
¢ ' at 2 mv s ' in a Li,SO, electrolyte. This notable improve-
ment highlights the synergistic effect of N and S co-doping,
further enhancing the electrochemical performance of the
Ti;C,T, electrode material.”®® Yang et al.*®*® conducted a study in
which they synthesized nitrogen-sulfur co-doped Ti;C,Ty
MXene for supercapacitor applications. The researchers also
investigated the electrochemical properties of undoped Ti;C,T,
MXene, sulfur-doped (S)-Ti;C,T, MXene, and nitrogen-sulfur
doped (NS)-Ti;C,T, MXene. Based on their findings, the CV
curve area of the nitrogen—sulfur doped (NS)-MXene was higher
compared to that of both undoped Ti;C,T, MXene and sulfur-
doped (S)-TizC,T, MXene. This suggests that the nitrogen-
sulfur doped Ti;C,T, MXene exhibited enhanced electro-
chemical performance. Furthermore, the nitrogen-sulfur doped
(NS)-Ti3C,T, MXene demonstrated the highest specific capaci-
tance of 495 Fg~ " in a 1 M H,S0, electrolyte. In comparison, the
undoped TizC,T, MXene and sulfur-doped TizC,T, MXene (S-
MXene) showed a specific capacitance of 446 F g~ '. Addition-
ally, the nitrogen-sulfur doped Ti;C,T, MXene exhibited
a superior cycling stability performance with 98% capacitance
retention over 6000 cycles at 50 mV s~ '. The enhanced elec-
trochemical performance of the nitrogen-sulfur doped Ti;C,T,
MXene can be attributed to changes in its electronic structure.
The incorporation of nitrogen and sulfur atoms into the Ti;C,T,
MXene lattice results in modifications in the material's physical
as well as chemical properties, which can facilitate improved
ion transfer kinetics during the processes of charging and dis-
charging. Additionally, the nitrogen and sulfur co-doping
process leads to an expansion of the interlayer spacing within
the MXene structure. This expanded interlayer spacing creates
more available active sites within the material, which can
facilitate a higher intercalation capacity. The increased number
of active sites allows for more efficient adsorption and desorp-
tion of ions during the charge storage process, contributing to
its improved electrochemical performance. Furthermore,
Kaewpijit et al.>*° reported on the use of a MXene/N, S doped
graphene electrode for supercapacitor applications. The
MXene/N, S doped graphene electrode demonstrated
a maximum specific capacitance of 599.7 Fg 'at1Ag 'ina6
M KOH, which is three times higher than the specific capaci-
tance of the pristine MXene electrode (185.8 F g~ " at a scan rate
of 1 A g~ 1). Furthermore, Que and colleagues designed a free-
standing nitrogen-doped Ti;C, (MD-Ti;C,) film through a sol-
vothermal method using diethanolamine as a nitrogen source
in methanol (MT).*** The addition of nitrogen element into the
2D MXene sheets was facilitated by MT, resulting in the
formation of high-quality MD-Ti;C,, as shown in Fig. 12(a). An

J. Mater. Chem. A



Published on 29 May 2024. Downloaded by Argonne Research Library on 6/26/2024 1:43:36 PM.

Journal of Materials Chemistry A

(b) =558 "1
. -

TiAIC, Ti;C, sheets

wd L~

//’\ o

Etching Ammonium citrate

Calcination

CF @0 ON

Q\w "a—-“

View Article Online

Review

] T,
4000 (c) B Mp-Ti C,

2

=0
= S 112

5 10 20 50 100 200
Scan rate (mV s™")

(e) 1| poNE This work

10'4P-C NIP-CNF:/a Xk

‘—\L‘ ~.
., NIP- P <%

—%— This work
= Ref. 49
—a—Ref. 50
Ref. 51
—+—Ref. 52
== Ref. 53

Energy density (Wh kg™
3

10° 10° 10*

Fig. 12 (a) The schematic diagram depicts the solvothermal process generating few-layer TizC, flakes with nitrogen assistance, followed by ex
situ nitrogen doping to introduce various nitrogen species into N-doped TizC, (MD-TizC,) flakes. (b) Scanning Electron Microscope (SEM) image
displaying a cross-sectional view of the MD-TizC; film, accompanied by an additional inset depicting photographs of the MD-TizC, film with
a diameter of 40 mm. (c) Volumetric capacitances of electrodes measured at different scan rates.?** Copy @ American Chemical Society 2020. (d)
Representation depicting the synthesis procedure and the underlying reaction mechanism of N, O co-doped C@TizC, composites. (e) A Ragone
chart presenting the performance characteristics of the device, with the inset showcasing the supercapacitor device illuminating an orange

LED.2*2 Copy @ Elsevier 2019.

SEM image showcasing a fractured surface of the MD-Ti;C, film
suggests a relatively favorable alignment of flakes, as presented
in Fig. 12(b). The inset, which includes SEM images, demon-
strates the flexible MD-Ti;C, film. The MD-Ti;C, film exhibited
an ultrahigh capacitance of 3123 Fem > at 5 mV s~ ', which was
significantly higher compared to the pure Ti;C, capacitance of
2042.4 F cm ™ at the same scan rate, as shown in Fig. 12(c). The
MD-Ti;C, electrode demonstrated an excellent capacitance
retention of 100% over 10 000 cycles. The enhanced conduc-
tivity, enlarged interlayer spacing, and rapid intercalation
kinetics contributed to the outstanding electrochemical
performance. Moreover, Pan et al.?*> synthesized nitrogen (N)
and oxygen (O) co-doped C@TizC, MXene for solid-state
symmetric supercapacitor devices. The synthesis process of N,
O co-doped C@Ti3C, is illustrated in Fig. 12(d). The N, O-doped
C@Ti;C, MXene electrode demonstrated a superior specific
capacitance of 250.6 F ¢~ ' at 1 A ¢~ ', which is three and a half
times higher than that of the pristine Ti;C, MXene (50.1 F g " at
1 A g'). Additionally, the symmetric supercapacitor devices
exhibit rectangular CV curves. Notably, these devices demon-
strated excellent specific capacitances of 93.9 at 1 A g~ ', with
a superior capacitance retention of 90% over 5000 cycles. The
device possessed a maximum energy density of 10.8 W h kg™"
and a power density of 600 W kg™, as shown in Fig. 12(e). The
observed intercalation-pseudocapacitance in the system is
primarily generated by rapid and reversible surface redox
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reactions attributed to the presence of Ti;C, and N/O functional
groups in carbon materials. The intercalation process involves
the insertion of ions or molecules between the layers of the
material, leading to changes in the interlayer spacing and
resulting in additional capacitance. In this case, the intercala-
tion of ions or molecules within the Ti;C, layers contributes to
the intercalation-pseudocapacitance effect. Furthermore, the
pseudocapacitance arises from the reversible redox reactions on
the surface of Tiz;C, and N/O functional groups in the carbon
materials. These redox reactions involve the transfer of elec-
trons and ions between the surface and the electrolyte. The fast
and reversible nature of these redox reactions enables efficient
charge storage and rapid energy exchange during charge-
discharge cycles.

7.3. Polymer based MXenes

Polymers have indeed attracted significant attention in the field
of electronics, primarily due to their intrinsic flexibility, light
weight, and low cost.****** However, by combining polymers
with MXene compounds, the performance of materials can be
significantly enhanced in multiple areas. These advancements
encompass improved thermal stability,*** enhanced mechanical
properties,>*?* and heightened electrical conductivity.**® The
synergistic effect of MXene and polymer composites paves the
way for the development of high-performance supercapacitors
with enhanced energy storage capabilities. According to the

This journal is © The Royal Society of Chemistry 2024
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study conducted by Ling et al.,”” they discovered that by inter-
calating polyvinyl alcohol (PVA) between the layers of Ti3C,T,,
a remarkable volumetric capacitance of 523 F cm > was ach-
ieved at a scan rate of 2 mV s~ '. Additionally, this composite
exhibited superior flexibility compared to the pure Ti;C,T, film,
with a tensile strength of 91 MPa when PVA was loaded at
60 wt%, in contrast to the tensile strength of 22 MPa observed in
the pure Ti;C,T, film. In addition to nonconductive polymers
like PVA, conductive polymers including (i) polypyrrole (PPy),
(if) polyaniline (PANT), and (iii) poly(3,4-
ethylenedioxythiophene) (PEDOT) have been extensively
studied and combined with MXenes to develop composite
supercapacitor electrodes.”*®

7.3.1 Polypyrrole (PPy). In the context of supercapacitors,
the utilization of polypyrrole (PPy) as the active material
demonstrates a notable capacitance range, reaching between
400 and 500 F cm >.2°3% Moreover, PPy possesses excellent
mechanical flexibility, which further enhances its suitability for
supercapacitor applications. Furthermore, the combination of
MXenes with PPy in composite materials has an additional
advantage.’*** MXenes are two-dimensional materials composed
of nanosheets, and one challenge in utilizing MXenes in
composites is the restacking or aggregation of these nano-
sheets, which can hinder their performance. However, when
MXenes are combined with PPy, it has been observed that the
restacking of MXene nanosheets is significantly reduced.’***%
For instance, Gogotsi et al.**® synthesized Ti;C,T,/PPy through
an in situ oxidant-free polymerization process of pyrrole
between Ti;C,T, flakes. PPy chains have been intercalated and
aligned inside TizC,T, monolayers during the synthesis
process. This unique arrangement of PPy within the TizC,T,
structure introduced additional electrochemically active sites
and effectively suppressed the Ti;C,T, restacking of nano-
sheets, leading to the creation of an unchanging hybridized
structure. The layered architecture of the Ti;C,T,/PPy composite
electrode exhibited a high capacitance of approximately 416 F
g ' at 5 mV s ! and an impressive volumetric capacitance of
1000 F cm™® in a 1 M H,SO, electrolyte. Furthermore, the
composite electrode demonstrated exceptional capacitance
retention, with 92% retention even after 25 000 cycles of charge-
discharge testing. The high electrochemical performance and
exceptional cycle life of the Ti;C,T,/PPy composite electrode can
be attributed to its unique self-assembled layered architecture,
wherein aligned PPy is confined between the conductive
monolayers of TizC,T,. This layered structure offers several
advantages that contribute to the improved performance of the
electrode. Firstly, the aligned PPy chains within the TizC,T,
layers enable high electronic conductivity throughout the
composite electrode, facilitating efficient charge transfer and
resulting in faster reversible redox reactions during the charge-
discharge process. The presence of conductive PPy enhances
the overall conductivity of the composite, enabling better elec-
tron transport within the electrode material. Additionally, the
self-assembled layered architecture provides short diffusion
pathways for ions, promoting rapid ion transport within the
electrode. This enhances the overall electrochemical perfor-
mance by facilitating faster ion diffusion and reducing the
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resistance to ion movement during the charge-discharge
process. The enhanced capacitance observed in the Ti;C,T,/PPy
composite electrode is a result of the synergistic effects of two
key factors. Firstly, the PPy between the Ti;C,T, layers increases
the interlayer spacing, creating more room for ion adsorption
and enhancing the overall capacitance of the electrode.
Secondly, surface redox processes of both PPy and MXene
contribute to overall capacitance by providing additional elec-
trochemically active sites for charge storage. Moreover, Ma
et al.*” developed a flexible textile-based electrode using elec-
trochemically depositing PPy onto a cotton textile coated with
Ti;C,T,. TizC,T,/PPy exhibited a significantly higher capaci-
tance compared to the pristine Ti;C,T, MXene electrode (114 F
g 1. Specifically, the Ti;C,T,/PPy composite electrode demon-
strated a higher capacitance of 343.2 F g '. Furthermore,
a solid-state symmetrical supercapacitor device was fabricated
using two MXene-PPy electrodes with H,SO,/PVA gel electro-
lyte. The MXene-PPy textile device exhibited a maximum energy
density of 1.30 mW h g~" and power density of 41.1 mW g~ .
This improvement in capacitance can be attributed to the
synergistic effects of Ti;C,T, and PPy in the composite elec-
trode. The Ti;C,T, coating provides a conductive framework
and increased surface area, enabling efficient charge storage.
Meanwhile, the electrochemically deposited PPy enhances the
conductivity and contributes to additional charge storage
through redox reactions. Furthermore, Pumera et al.**® synthe-
sized a composite of MXene Ti;C, nanosheets and ppy-
carboxymethylcellulose nanospheres (Ti;C,@PPy-CMC) for use
in wearable flexible supercapacitors. Sweat was used as the
electrolyte. The process involved creating symmetrical flexible
supercapacitors by layering two Ti;C,@PPy-CMC nanosheet
electrodes in opposite directions, separated by a separator (as
depicted in Fig. 13(a)). This sweat-rechargeable setup was then
incorporated into a patch configuration, where flexible super-
capacitors were directly attached to a commercially available
medical patch (as shown in Fig. 13(b)). The practical application
of the Ti;C,@PPy-CMC composite-coated fabric electrode
entails assembling symmetrically configured flexible super-
capacitors. This assembly process utilizes an artificial sweat
electrolyte. The electrochemical performance of the flexible
supercapacitor patch was evaluated at varying sweat electrolyte
exposure levels. It was attached to fabric and operated for
durations of 30, 45, and 60 minutes, showing partial wetting
after 30 minutes and full wetting after 60 minutes. The galva-
nostatic charge-discharge (GCD) profile highlighted the rela-
tionship between exercise time, discharge time, and sweat
concentration, with increasing discharge time during running.
The patch demonstrated lower specific capacitance initially, but
at 45 and 60 minutes, the specific capacitance rose to 12.2 Fg "
and 19.3 F g ', respectively. Under intense sweating, the fabri-
cated patch achieved a peak energy density and power density of
0.43 W h kg™ at 93 W kg~ ". Under partial sweating, it achieved
an E of 71 mW h kg™ " at 1 A g~". The Ti;C,@PPy-CMC flexible
supercapacitors' performance in real sweat electrolyte sur-
passed previous reports. Additionally, two interconnected flex-
ible supercapacitors were fully wetted during extended runs.
When charged to 1.6 V, they powered a red LED for 7 seconds
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Fig. 13 (a) Synthesis process of TizC,@PPy-CMC flexible supercapacitors. (b) Schematic presentation of the skin-adhering flexible super-
capacitor patch incorporating TizC,@PPy-CMC composite, utilizing the energy from human perspiration during physical activity. (c) Photograph
of a tandem setup featuring TizC,@PPy-CMC flexible supercapacitor patches, which are powering a light emitting diode (LED) following
extended running sessions. Copy @ Elsevier.3°® (d) Schematic representation demonstrating the process of producing a single-layered MXene, as
well as the creation of an MXene film with PANI intercalation facilitated by ice (I-PANI/MXene). (e) Diagram depicting the layered configurations of
pristine MXene and I-PANI/MXene electrodes. (f) Schematic diagram of a symmetric supercapacitor device utilizing the I-PANI/MXene film, along
with a scanning electron microscope image of the symmetric supercapacitor device separated by a PVA-H,SO, gel electrolyte. (g) GCD curves
depicting the performance of a supercapacitor device. (h) Percentage of capacitance retention after 1000 bends, featuring an LED illuminated by
four SSC devices connected in series, in both flat and bent states.3** Copy @ Royal Society of Chemistry 2023.

(Fig. 13c), showcasing the patch's capability using real sweat
electrolyte. With its lightweight, flexible nature, easy integration
into clothing, and enhanced wearer comfort, the flexible
supercapacitor power patch holds promise for wearable appli-
cations. The flexible supercapacitor patch was placed on various
body areas: fingers, foot sole, and wrist. After a 45-minute jog
with finger and foot sole attachment, the foot sole’s CV curve
showed slightly lower current density due to fewer sweat glands.
Higher gland density in fingers led to quicker sweat secretion.
The wrist, with minimal secretion, had much lower current
density due to insufficient sweat to wet the patch. GCD profiles
showed the following specific capacitance values: finger — 14.08
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F g, foot sole — 22.3 F g~ ', and wrist — 9.04 F g~ *. For skin
comfort assessment, the flexible supercapacitor patch was worn
for 4 hours, maintaining color despite sweat and causing no
skin inflammation upon removal, attributed to the sweat-
absorbing textile and microporous medical features.

7.3.2 Polyaniline (PANI). The PANI/MXene composite
demonstrates superior electrochemical performance, primarily
attributed to two key factors: the high conductivity and inter-
connectivity of the redox-active PANI and the synergistic effect
between the components.®**'® Firstly, the high conductivity
(0.5-5 S cm ") of PANI contributes to efficient charge transfer
within the composite electrode, enabling rapid redox reactions

This journal is © The Royal Society of Chemistry 2024
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and improved electrochemical performance.**® The conducting
polymer PANI facilitates the movement of electrons, enhancing
the overall conductivity of the composite material.*'* Secondly,
the interconnectivity of the redox-active PANI within the MXene
structure plays a crucial role in achieving superior electro-
chemical performance.*” The PANI is intimately integrated
with the MXene, forming a well-dispersed and interconnected
network.*'* This interconnectivity maximizes the utilization of
the redox-active PANI, leading to enhanced charge storage
capacity and improved overall electrochemical perfor-
mance.***"" In recent times, PANI has gained significant
attention and has been widely utilized for the preparation of
MXene-based supercapacitor composite materials.****"> On this
basis, Wang et al.*** synthesized PANI/V,C MXene for super-
capacitor device performances. The PANI/V,C MXene electrode
demonstrated a maximum specific capacitance of 337.5 F g " at
1 A g '. The asymmetric supercapacitor device has been man-
ufactured utilizing PANI/V,C MXene as the positive electrode,
active carbon as the negative electrode, and H,SO,/PVA gel
electrolyte. The asymmetric supercapacitor device exhibited
a maximum energy density of 12.25 W h kg™" and a power
density of 415.38 W kg™, with a capacitance retention of 97.6%
over 10000 cycles. Additionally, Fu et al.**” presented a novel
composite electrode consisting of graphene encapsulated
Ti;C,T, MXene intercalated with PANI chains. PANI chains were
used to electrostatically assemble graphene and Ti;C,T, nano-
sheets during the assembly process. The resulting electrode
demonstrated excellent electrochemical performance. The
Ti;C,T, MXene/PANI electrode exhibited a gravimetric capaci-
tance of 635 F g~ " at 1 A g~ " in 1 M H,S0,, corresponding to
a volumetric capacitance of 1143 F cm™>. The electrodes show
an outstanding capacitance retention of 97.54% over 10 000
cycles. The excellent supercapacitor device performance of the
composite electrode was due to the PANI chains strongly
intercalated within the multi-layered Ti;C,T,, promoting
enhanced charge storage capabilities. In a related study, Lin
et al.*"* successfully synthesized an electrode for supercapacitor
applications by combining Ti;C,T, MXene with PANI. The
resulting Ti;C,T, MXene/polyaniline composite exhibited
a specific capacitance of 496.5 F g~ " at a current density of 1 A
g~' in 1 M H,SO, electrolyte. This specific capacitance was
notably higher than that of the pure MXene electrode (38.2 Fg "
at 0.5 A g~ ') and the PANI electrode (295.1 Fg 'at1 A g ).
Moreover, the Ti;C,T, MXene/polyaniline electrode demon-
strated outstanding capacitance retention, reaching 91.6% over
the course of 5000 cycles. This substantial increase in capaci-
tance, ten times higher than that of the pristine MXene, can be
attributed to the efficient transport of ions and electrons, as well
as the heightened electrochemical activity of the Ti;C,T,/PANI
composite compared to the pristine MXene material. In
a related study, Liu et al** fabricated a flexible solid-state
symmetric supercapacitor device by integrating PANI into
a TizC,T, MXene electrode (I-PANI/MXene). The synthesis
process of the PANI/Ti;C,T, MXene electrode is depicted in Fig.
13(d). The PANI/Ti;C,T, MXene electrode exhibited significantly
enhanced volumetric capacitance, reaching 1360 F cm >, along
with a higher gravimetric capacitance of 385 F g~ '. These values
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outperform those of the pristine MXene material. The improved
electrochemical characteristics of the I-PANI/MXene electrode
can be attributed to the ice-assisted PANI intercalation mech-
anism. This mechanism effectively reduces the self-restacking
tendency of MXene, leading to increased interlayer spacing, as
depicted in Fig. 13(e). As a result, a more accessible surface is
formed, promoting rapid ion diffusion and transport
throughout the charge/discharge cycle. Moreover, a symmetric
supercapacitor was fabricated using pairs of I-PANI/MXene film
electrodes and a PVA-H,SO, gel-based electrolyte and sepa-
rator, as depicted in Fig. 13(f). The device showed a remarkably
high specific capacitance of 103 Fg ' at 1 A g~ " in a PVA/H,SO,
gel electrolyte. Furthermore, the electrode demonstrated an
excellent capacitance retention of 93% over 1000 cycles when
subjected to various bending angles, including 0°, 30°, 90°, and
180°. Additionally, the device exhibited energy and power
densities of 13.1 W h kg™' and 425 W kg™, respectively, as
depicted in Fig. 13(g) and (h). The superior capacitance
performance of PANI and MXene arises from their excellent
conductivities, which synergistically enhance the charge trans-
fer of the redox reactions at the contact interface. This synergy
also contributes to achieving an ultra-high rate capability. The
minimal incorporation of PANI within/between MXene layers
serves to preserve MXene's high energy storage characteristics
while also preventing direct contact between oxygen and
MXene. As a result, this configuration leads to both massive
capacitance and superior capacitance retention for the I-PANI/
MXene electrode.

7.3.3 Poly(3,4-ethylenedioxythiophene) (PEDOT). PEDOT:-
polystyrene sulfonate (PEDOT:PSS) has gained recognition as
a promising material for supercapacitors due to its advantageous
features, including a large voltage operating window, swift elec-
trochemical reaction, and superb film-forming features.””® To
further enhance the supercapacitor performance, researchers
have investigated the combination of PEDOT with MXene
materials. The incorporation of MXenes into PEDOT:PSS
composites has demonstrated a notable effect on the interlayer
spacing between MXene layers.*** This expansion of interlayer
spacing results in increased exposure of electroactive surfaces,
leading to enhanced supercapacitance performance. By utilizing
MXenes as additives, the PEDOT-based supercapacitors exhibit
improved supercapacitor performance. On this basis, Qin et al.**®
fabricated a flexible solid-state supercapacitor through Mo, 35C
MXene as well as PEDOT:poly(styrenesulfonic acid) (PSS). The
active electrodes of the supercapacitor were composed of aligned
layer composite films, which were formed by vacuum filtration of
Mo, 33C MXene and a PEDOT:PSS-based solution. The Mo, 33C
MXene/PEDOT:PSS electrode exhibited a high specific capaci-
tance of 568 F cm > at 0.5 A cm >, which is higher than the
capacitance of the pristine Mo;.;3C MXene electrode (301 F cm 3
at 0.5 A cm ). The solid-state Mo, ;3C MXene/PEDOT:PSS device
demonstrated superior stability with 90% capacitance retention
over 10 000 cycles, whereas the pristine Mo, 33C MXene electrode
showed a retention of only 49% over the same cycle count.
Moreover, the device possesses energy and power densities of
24.72 mW h cm™® and 19470 mW cm > respectively. The
improved capacitance and stability observed in the system can be
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attributed to the synergistic effect resulting from two key factors:
the expanded interlayer spacing observed in Mo, 33C MXene
layers as a result of the introduction of conductive PEDOT, and
surface redox processes involving both PEDOT and MXene. By
incorporating conductive PEDOT into the Mo, ;;C MXene
structure, the interlayer spacing between MXene layers is
expanded. This increased spacing provides more room for elec-
trolyte ions to access the electrode surface, facilitating improved
ion diffusion and enhancing the overall capacitance of the
system. Additionally, the surface redox processes of both PEDOT
and MXene contribute to the enhanced performance. PEDOT,
being a conductive polymer, undergoes redox reactions at its
surface, enabling efficient charge transfer. Simultaneously, the
MXene surface also participates in redox processes, further
enhancing the overall electrochemical performance. Similarly, Li
et al**° synthesized Ti;C,T, MXene/PEDOT:PSS specifically for
supercapacitor applications. The TizC,T, MXene/PEDOT:PSS
electrode demonstrated the highest volumetric capacitance,
reaching 1065 F cm ™ at a scan rate of 2 mV s™' in a 1 M H,S0,
electrolyte. This volumetric capacitance was notably higher
compared to the pure Ti;C,T, MXene, which achieved 952 F
cm ™ at the same scan rate. Moreover, the researchers fabricated
asymmetric supercapacitor devices by employing Ti;C,T,
MXene/PEDOT: PSS as the negative electrode and rGO as the
positive electrode, with a PTFE membrane serving as the sepa-
rator. Remarkably, the device electrode exhibited a high energy
density of 23 mW h cm ™ and a power density of 7659 mW cm .
The superior supercapacitor performance of the Ti;C,T, MXene/
PEDOT: PSS electrode can be attributed to two factors. First,
PEDOT:PSS acted as a pillar between Ti;C,T, nanosheets, which
increased the exposure of electroactive surfaces and reduced ion
diffusion pathways. This facilitated enhanced electrochemical
reactions and improved the overall capacitance. Second,
PEDOT:PSS served as a conductive bridge, enabling the forma-
tion of multidimensional electronic transport channels. These
channels accelerated the electrochemical reaction process,
leading to higher power density. Moreover, Razal et al’®”
synthesized Ti;C,T, MXene with doped PEDOT (poly(3,4-
ethylenedioxythiophene)) using the wet-spinning method. In
this approach, doped PEDOT served as both an active electrode
and a binder. The conductive PEDOT:PSS filled the gaps between
the Ti;C,T, nanosheets, resulting in a high conductivity of
approximately 1489 S cm ™. This conductivity enhancement was
attributed to the efficient electrical pathways provided by
PEDOT:PSS within the Ti;C,T, matrix. The electrode exhibited an
impressive capacitance retention of 96% even after undergoing
a repeated tensile strain of 100%. This indicates the excellent
mechanical stability and durability of the supercapacitor,
making it suitable for flexible and stretchable applications.
Furthermore, the flexible supercapacitor demonstrated favorable
electrochemical performance, delivering energy and power
densities of 7.13 W h cm™® and 8249 mW cm >,

Typically, MXene/conductive polymer materials are synthe-
sized by mixing a MXene colloidal suspension with organic
monomers and allowing polymerization to occur on the surface
of MXene flakes.>**** This method is widely used because it's
straightforward and flexible for large-scale production. In some
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cases, the polymerization of certain polymers can take place in
a MXene colloidal suspension without the need for additional
oxidants.**® In terms of electrochemical performance, MXene/
conductive polymer materials exhibit high capacitance and
good cycle life.*** This is caused by conductive polymers inter-
calating into the MXene layers, which increases the MXene
interlayer spacing and creates conductive pathways for charge
percolation. As a result, the pseudocapacitance is
increased.*”’*?* In terms of mechanical characteristics, the
molecular-level interaction between MXene and polymers
significantly enhances the mechanical robustness as well as the
flexibility of hybrid films composed of MXene and polymers.**
Nevertheless, throughout the in situ polymerization of organic
monomers in MXene suspension, the oxidation conditions as
well as the oxidants used in the process may cause the oxidation
of MXene.*** It is necessary to develop oxidation-free methods
that are simple and efficient to overcome this issue. Further-
more, the polymer additive's content frequently affects the
MXene's mechanical attributes, electrochemical properties, and
electrical conductivity. Therefore, it is important to optimize the
ratio of MXene to the combined polymer to achieve the desired
properties for practical applications.***

7.4. MXene based composites and ternary composites

Composite materials are engineered materials made by
combining two or more different materials to create a new
material with enhanced properties.®”® The constituents of
a composite material remain separate and distinct, and they are
combined on a macroscopic scale. For instance, Rizwan and
colleagues successfully developed a ZrO,-V,CT, MXene
composite with potential applications in supercapacitors.**®
The composite electrode exhibited a CV curve pattern similar to
that of the delaminated V,CT,, but with an increased area,
indicating improved capacitive performance due to the pres-
ence of zirconia (ZrO,). The incorporation of zirconia enhances
the diffusion kinetics within the composite, providing acces-
sible sites for cation-driven pseudo capacitance. This composite
electrode displayed remarkable performance, boasting a capac-
itance of 1200 F g~ ' at 5 mV s~ in 3 M H,SO,. Notably, this
capacitance is more than double the capacitance exhibited by
the pristine MXene. The composite electrode demonstrated
superior cycling stability with 97% capacitance retention over
10000 in 1 A g~ ' charge-discharge cycles as compared to pris-
tine. The electrode possesses an energy density of 15.39 W kg™
and a power density of 4000 W h kg™ '. These improved super-
capacitor performance characteristics can be attributed to the
incorporation of zirconia (ZrO,) into the MXene structure,
which creates accessible diffusion sites and enhances diffusion
kinetics during charge storage. Moreover, Zahra et al’”
synthesized a V,CT, MXene-CNT composite electrode for
supercapacitor applications. The composite electrode exhibited
a maximum gravimetric capacitance of 576 F g~ " at 200 mV s~
in a1 M KOH electrolyte, which is two times higher compared to
the capacitance of pristine V,CT, MXene, which was 230.5 F g~ "
at 200 mV s~ . Moreover, the composite electrode maintained
a capacitance retention of 94% over 10000 cycles. The

This journal is © The Royal Society of Chemistry 2024
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incorporation of CNTs in the V,CT, MXene electrode enhanced
conductivity and structural stability, resulting in a significantly
higher specific capacitance compared to the pristine MXene
electrode. Zhou et al.**® developed a Ti;C,T, MXene-reduced
graphene oxide (RGO) composite electrode for stretchable
supercapacitors, demonstrating remarkable electrochemical
performance and robustness even under extreme strains. The
morphology of the MXene-RGO composite is depicted in
Fig. 14(a). Field emission scanning electron microscope images
demonstrate that the composite films with wrinkles and ridges
maintain their structural integrity even when uniaxial pre-
strains are applied, as shown in Fig. 14(b). The biaxially
stretchable MXene-RGO electrode exhibited significant local
deformation while maintaining its structural integrity during
stretching. In comparison to the MXene/RGO composite elec-
trodes, pure MXene supercapacitor electrodes demonstrate
significantly diminished electrochemical performance under
substantial deformations. They become highly distorted (resis-
tive) when the scan rate rises to 50 mV s~ ', confirming the
substantial resistance caused by MXene film cracking. When
a uniaxial strain is applied to the electrode, the distance
between cracked MXene flake pieces increases, resulting in
further reduction of the film conductivity. The MXene-RGO
composite electrode displayed excellent electrochemical
performance, as evidenced by the preservation of square-
shaped cyclic voltammetry curves under different strains, as
depicted in Fig. 14(c). The specific capacitance of the electrode
was minimally affected by the applied strain but decreased with
increasing current density. The electrode had a maximum
specific capacitance of 36 mF cm™ > at 0.5 A g~ '. Moreover,
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a symmetric solid-state supercapacitor device was fabricated
using MXene-RGO composite electrodes and a PVA-H,SO, gel
electrolyte, as depicted in Fig. 14(d). This device exhibited
capacitive behavior and stable electrochemical performance
even under different strains. Charge-discharge tests confirmed
the dominance of the electrochemical double layer in the
primary charge storage mechanism, as depicted in Fig. 14(e).
The specific capacitance remained consistent across various
strain states, with minimal variation during stretching-relaxa-
tion cycles, as illustrated in Fig. 14(f). The supercapacitor device
demonstrated excellent electrochemical stability, maintaining
85% of its initial capacitance over 10 000 cycles. The exceptional
performance of the MXene/RGO composite can be attributed to
several factors. Firstly, the hybrid film possessed a small
mechanical modulus, enabling it to withstand mechanical
strain without incurring structural damage. Secondly, the
strong intersheet interactions within the composite maintained
its electrical conductivity. Lastly, the large nanoflake size of
RGO contributed to enhanced electrochemical properties.
Collectively, these characteristics result in a composite material
with high capacitance, mechanical stretchability, and stable
electrochemical performance, making it well-suited for appli-
cations in wearable and stretchable electronics.

Enhancing the supercapacitor device performance of
MXenes can be achieved by engineering their electronic struc-
ture through various methods, including heteroatom doping,
polymer hybrids, heterostructure formation and the develop-
ment of ternary composites. Table 2 presents a comprehensive
summary of the performance of supercapacitor devices, as
derived from the available literature.
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Fig. 14 (a) Diagrammatic representation of the manufacturing procedure for a flexible electrode composed of a TizC,T, MXene/RGO composite
thin film. (b) Scanning electron microscopy depiction of the surface structure of a TizC,T, MXene/RGO composite thin film (approximately 1 pm
thickness) produced through the application of a uniaxial prestrain of 300%. (c) Cyclic voltammetry plots of a TizC,T, MXene/RGO electrode
recorded with a scan rate of 20 mV s™2, varying with different levels of tensile strains (ranging from 0% to 300%). (d) Schematic representation of
the TisC,T, MXene/RGO composite symmetric supercapacitor device. (e) Galvanostatic charge—discharge profiles of the flexible supercapacitor
tested under varying strains and recorded at a constant current of 0.5 A g~ (f) Specific capacitance of the flexible supercapacitor assessed at
different levels of strain and various charge/discharge current densities.**® Copy @ American Chemical Society 2022.
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Table 2 Comparison of the performance of MXene based electrodes in supercapacitor devices

Potential Retention
Sr. no. Positive electrode Negative electrode  Electrolyte window (V) Specific capacitance (Cs) Energy density Power density (no. of cycles) Ref.
1 MnO, TizC,T,/Ag 1 M Na,SO, 0to 1.9 246.2 at 2 mA cm 2 121.4 pyW h em ™2 17395 pW cm 2 82% after 10 000 337
cycles at 10 mA
cm 2

2 rGO/Ti;C,T, rGO/Ti;C,Ty PVA/KOH 0to 0.7 4055 Fg tat1Ag ! 63 mW h cm™® 2786 mW cm > 100% after 10000 358

cyclesat 5 Ag™"

3 Ti;C,T/TGO Ti;C,T,/TGO 3 M H,SO, 0to1 1040 Fem ™ at2mvVs ' 326 WhL™ 744 kW L™t — 270

4 Ti;C,T,/Ni-Fe oxide Ti;C,T,/Ni-Fe oxide 0to 0.8 32835 mFcem 2at 0.2 mA 76.8 mW h em ™ 0.4 Wem™? 90.88% after 10000 359

cm 2 cycles at 1 mA cm 2

5 rGO-PDDA/Ti;C,T,  rGO-PDDA/Ti;C,Ty ACN-PC-PMMA- 0 to 1.2V 40.8 mF cm 2 at 0.02 mA 8.2 yW h cm 2 630.1 pW cm 2 75% after 5000 360
MXene MXene LiCF3S03 cm 2 cycles

6 Ti;C,T, nanosheets/ Ti;C,T, nanosheets/ PVA/H,SO, 0to 1.5V 542 F ¢ at 0.25 A cm ™ 16.6 mW h cm ™ 450 mW cm™? 96.6% after 5000 361
TizC,T, quantum PEDOT:PSS fiber cycles at 10 mv s *
dots/RGO fiber

7 Ti;C,T,/rGO-AD Ti;C,T,/tGO-AD PVA/H;PO, 0 to 0.8V 645 Fcm ®at1.0 Acm ™  13.0 mW h cm ™3 1992 mW cm ™ 75.3% after 20 000 362

cycles at 8.6 A cm

8 N-doped d-Ti;C,T,/ N-doped d-TisC,T,/ PVA/H,SO, 01t0 0.6V 247Fg tat1Ag! 157 Wh kg™ 3738.7 W kg >90% after 1000 363
rGO rGO cyclesat 5 A g™ "

9 Graphene- Graphene 1 M H,S0, 0to 1.8 945Fg tat1Ag! 423 Whkg™! 18000 W kg™ * 94.25% after 10000 309
encapsulated cyclesat 10 Ag™"
Ti,CT@PANI

10 Mo, 3;C MXene/ Mo, 33C MXene/ 0to 0.6 568 Fem 2 at0.5mvVs ' 2501mWhem™  329Wem™ 90% after 10 000 315
PEDOT:PSS PEDOT:PSS cycles at 5 A cm

11 Nb,C/Ti;C, MXene  Nb,C/Ti;C, MXene  PVA/H,SO, 0to1.2 211 Fg 'at03Ag " 385Whkg! 3840 W kg ! 98% after 50 000 268

cycles at 2A g~ !

12 AC Nb,CT,/CNT 1 M H,S0, 0to1.5 51Fg 'at2mvs ' 154.1 pW h cm ™2 74843.1 yW em™ 2 73.3% after 2000 235

cycles at 5 A g™

13 Ti;C,T,/Nb,CT, TizC,T,/Nb,CT, PVA-H,SO, 0to 0.7 81Fg 'at5mvs ' 55mwhg! 141.4 mw g " 94% after 10 000 364

cyclesat 2 Ag™*

14 AC C0;0,-Nb,CT, 6 M KOH -1.0t00.8  — 60.3 W h kg * 670 W kg ! 93% after 1000 365

cycles at 5 A g™

15 AC Perovskite NaNbOs/ 1 M LiPF, 1to4 82Fg 'at0.05Ag " 241 Whkg! 125.0 W kg ! 75.1% after 4000 366

f-Nb,CT, cyclesat 1.0 Ag™"

16 Mn;0, V,NT, 3.5 KOH ~1.0t0 0.8 112.8 Fg ' at 1.85 mA 15.66 W h kg ™! 3748.4 W kg ! 96% after 10 000 213

cm? cycles at 5 mA cm ™2

17 AC V,CT, 2 M ZnSO, 0to1.8 76 Fg lat1Ag! 13.4 kw kg ™" 17 Whkg™! 79% after 100 000 244

cyclesat 10 A g™

18 Mo,CT, Mo,CT, PVA/H,SO, 0to 0.6 64.74Fg 'at02Ag " 16.0 Wh L™ 1449.1 WL™* 89.2% after 10000 214

cyclesat 1 Ag™*

19 Mn,O,, Mo, 33C MXene 5 M LiCl 0to?2 38Fg 'at2mvs ' 19Whkg™* 1.08 W kg™ * 92% after 10 000 70

cycles at 10 A g™

20 Mo, 35CT, Mo, 35CT, 19.5 LiCl 0to 1.4 140 Fem 2 at2 mvV st 41.3 mW h em™ 165.2 mW cm > 84.8% after 20000 199

cycles at 10 A cm ™2

21 Mo, 35CT, Mo, 35CT, 0.5 M K,SO, 0to1.1 24Fg lat2mvs ' 0.0128 Wh em™ 0.9Wcm™ 82% after 5000 253

cycles at 100 mV s~
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The current advancements in MXene-based materials for
enhancing electrochemical performance, particularly in super-
capacitor applications, exhibit significant potential but are
accompanied by several notable shortcomings. While hetero-
structure integration, heteroatom doping, and polymer
composites show promising results in improving capacitance,
conductivity, and stability, the scalability of these methods
remains a concern due to their reliance on complex synthesis
processes and costly precursors. Additionally, the precise
control required over synthesis conditions poses challenges for
reproducibility and standardization across research efforts.
Moreover, the long-term stability and durability of MXene-
based electrodes, crucial for practical applications, require
further investigation. To address these shortcomings, stream-
lined synthesis methods, standardized protocols, and explora-
tion of sustainable precursors could enhance scalability,
reproducibility, and sustainability. Comprehensive studies
focusing on long-term stability are essential to assess practical
viability and develop strategies for enhancing MXene-based
energy storage technologies. By addressing these challenges
and implementing proposed solutions, MXene-based super-
capacitors could move closer to commercialization, offering
a promising solution for various energy storage needs.

8. Structural stability of MXene based
electrodes after electrochemical
testing

MXene-based electrodes have garnered significant attention in
the field of supercapacitor technology due to their excellent
electrochemical performance.?”® To ensure MXene electrodes’
long-term dependability and durability, it is imperative to
evaluate their structural stability following electrochemical
testing. During electrochemical cycling, MXene-based elec-
trodes undergo repeated charge and discharge processes,
leading to stress and strain on their structures.**® The structural
stability of MXene electrodes refers to their ability to maintain
their original morphology, composition, and interlayer spacing
throughout these cycles.****** Studies have shown that MXene
materials, such as titanium carbide (Ti3C,T,), exhibit remark-
able structural stability even after extensive electrochemical
testing.*** The unique 2D layered structure of MXenes,
combined with their high conductivity and large interlayer
spacing, enables efficient ion diffusion and minimizes the
volume changes during cycling, contributing to their structural
robustness.'” Additionally, the strong atomic bonding within
MXene layers and the interaction between MXene and current
collectors provide enhanced mechanical stability, reducing the
likelihood of electrode degradation or delamination.”?*33*
However, it is worth noting that the structural stability of
MXene-based electrodes can be influenced by various factors,
such as the specific MXene composition, the choice of electro-
lyte, and the cycling conditions.'® Therefore, comprehensive
characterization techniques, including X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy-dispersive X-ray
(EDX), Raman spectroscopy and transmission electron

This journal is © The Royal Society of Chemistry 2024
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microscopy (TEM), are employed to evaluate the structural
integrity of MXene electrodes before and after electrochemical
testing. By ensuring the structural stability of MXene-based
electrodes, researchers can advance the development of high-
performance supercapacitors with extended cycle life and
improved energy storage capabilities.

In the study conducted by Chen et al.,>** it was observed that
the V,CT, MXene electrode exhibited remarkable structural
stability even after undergoing extensive electrochemical
testing. The electrode maintained its excellent structural
integrity after 100 000 GCD cycles. This is clearly demonstrated
by the well-preserved morphology of the V,CT, MXene elec-
trode, as depicted in Fig. 15(a). These findings indicate the
superior stability of this electrode material, suggesting its
potential for long-term and durable energy storage applications.
Similarly, Nasrin et al.>*® conducted an electrochemical test to
evaluate the structural stability of Nb,C/Ti;C, MXene elec-
trodes. The electrodes exhibited remarkable stability, as evi-
denced by their capacitance retention of 98% after undergoing
50 000 charging and discharging cycles at a rate of 2 A g~ in
a PVA/H,SO, electrolyte. Upon examining the morphology of
the electrode surface after the extensive cycling, the researchers
found no discernible changes. The surface of the electrodes
remained intact and exhibited no visible signs of degradation or
damage. This observation suggests that the material main-
tained its structural integrity throughout the electrochemical
testing. The researchers further analyzed the crystallinity of the
sample using techniques such as XRD. The XRD analysis
demonstrated that there were no major alterations in the
intensity of diffraction peaks or peak positions compared to the
pristine material, as shown in Fig. 15(b). This finding indicates
that the crystalline structure of the Nb,C/Ti;C, MXene elec-
trodes remained unaltered even after 50 000 cycles. The absence
of intensity changes or peak shifting in the XRD pattern
provides strong evidence for the structural robustness of the
material. Moreover, Pathak et al. conducted a study on TizC, T,
MXene@porous carbon nanofiber (PCNF) composites, investi-
gating their structural stability after undergoing 10 000 charge-
discharge cycles at a current density of 2 A g~'.3% The results
demonstrated that the Ti;C,T, MXene@PCNF electrodes
exhibited a preserved structure and remained stable throughout
the cycling process. The FESEM images of the Ti;C,T, MXe-
ne@PCNF electrodes and control electrodes after the electro-
chemical test revealed a conserved morphology, displaying no
noticeable deformations or changes (as depicted in Fig. 15(c)).
Additionally, EDX analysis indicated a similar elemental
distribution before and after the electrochemical tests, further
supporting the structural stability of the material. Furthermore,
the XRD patterns obtained before and after the stability test
exhibited a high degree of consistency, indicating that the
crystal structure of the electrodes remained largely unaffected.
The Raman spectra, as depicted in Fig. 15(d), also provided
additional evidence of the material's stability, as no significant
differences were observed before and after the stability test.
Furthermore, Shao and colleagues conducted a study on
Ti;C,T, MXene electrodes and found that the crystal structure
exhibited stability throughout the electrochemical testing
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Fig. 15 (a) The scanning electron microscopy images illustrating the V,CT,//AC asymmetric supercapacitor device after 100 000 cycles of
testing conducted in a 2 M ZnSO, electrolyte.?** Copy @ Elsevier 2022. (b) The X-ray diffraction pattern of the solid-state device's electrode film
made from Nb,C/TizC, MXene after experiencing 5000 cycles of charge and discharge tests.?%® Copy @ American Chemical Society 2022. (c)
FESEM images of TizC,T, MXene@PCNF after undergoing a stability test for 10 000 cycles. (d) Raman spectra of TizC,T, MXene@PCNF before
and after a stability test for 10 000 cycles.**®> Copy@ Royal Society of Chemistry 2023.

process, including cycling in an acidic electrolyte.®*® They
observed that the lattice parameter, which represents the
interatomic spacing within the crystal lattice, remained
consistent with a value of 20.7 A both before and after cycling.
This finding indicates that the MXene electrodes maintained
their structural integrity and did not undergo significant
changes in interlayer spacing or lattice arrangement during the
electrochemical cycling process. Li et al.**” observed in their
study that the (0002) peak of the Ti;C,T, material weakened and
broadened after 15 000 cycles, suggesting an increase in resis-
tance due to defects. Scanning electron microscopy images
revealed rougher edges on Ti;C,T, nanosheets after the cycles,
while the overall structure remained unchanged. Additionally,
Ag nanoparticles agglomerated, resulting in an increased size
and causing a nonuniform distribution. This led to decreased
diffusion and fading capacitance. In their comprehensive
investigation, Zhu et al.>*> meticulously detailed their XPS and
FESEM examinations of Ti;C,T,/PPy following an extensive 20
000 cycles at 1 mA cm™ > current density in a 0.5 M H,SO,
electrolyte. Remarkably, the morphology and structure of

J. Mater. Chem. A

Tiz;C,T,/PPy demonstrated exceptional stability, exhibiting no
signs of degradation or shifts in chemical composition
throughout the continuous charge and discharge cycles. This
finding underscores the robustness and integrity of the mate-
rial's configuration under the demanding conditions of elec-
trochemical cycling. Zhao and co-authors noted the absence of
dissolution during the electrochemical test.** By contrasting
XRD patterns before and after 5000 cycles, they identified
a noteworthy shift towards a larger angle in the (002) peak of
Nb,C;T,. This alteration suggests a reduction in interlayer
spacing, pointing to the extraction of TMAOH as a key driver for
capacitance loss. This process is coupled with layer collapse and
subsequent re-stacking. The notion of decreased interlayer
distance is additionally backed by SEM images.

While the recent progress in MXene electrode stability, as
evidenced by various studies, holds promise for durable energy
storage applications, several shortcomings warrant attention.
Despite the overall structural integrity maintained throughout
extensive cycling, the observations of capacity fade and
increased resistance due to defects, as noted by Li et al.,*” raise

This journal is © The Royal Society of Chemistry 2024
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concerns about long-term performance. Additionally, the
agglomeration of nanoparticles, as highlighted in the same
study, leads to non-uniform distribution and decreased diffu-
sion, ultimately impacting capacitance. Furthermore, the
reduction in interlayer spacing and subsequent collapse and
restacking, as reported by Zhao et al.,*® pose challenges to
sustained electrochemical performance. To address these
issues, research efforts could focus on surface modification
techniques to mitigate defect formation, alternative conductive
additives to prevent nanoparticle agglomeration, and the
exploration of electrolyte options or surface treatments to
minimize interlayer interactions, thereby preserving electrode
integrity and enhancing long-term stability. These strategies
could pave the way for the practical utilization of MXene elec-
trodes in energy storage devices with improved reliability and
performance over extended cycling periods.

9. MXene-based electrodes for
practical applications in improving
human life

The development of MXene-based flexible smart wearable
supercapacitors for enhancing human lifestyle is an exciting
and rapidly evolving area of research.*****° These flexible wear-
able supercapacitors have the potential to address the energy
storage needs of portable and flexible wearable electronic
devices, such as smartwatches, fitness trackers, and other e-
textiles.** A specific subfield of interest is the integration of
conformable electronics with traditional soft goods, leading to
the creation of self-chargeable smart wristbands and other
innovative wearables.**® Furthermore, electronic textiles, or e-
textiles, involve the incorporation of electronic components
and functionality into textiles and clothing. MXene-based
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materials offer several advantages for these applications, such
as light weight, high flexibility, conformable electronics, high
electrical conductivity, and fast charging and discharging.***

A flexible self-charging smart wristband based on MXene
supercapacitors could potentially harvest energy from the
wearer's movements or ambient environmental sources,
offering a sustainable and convenient power source for elec-
tronic functionalities.>***** As research in this field progresses,
it is likely that MXene-based materials will play a crucial role in
the development of advanced and efficient wearable energy
storage solutions, contributing to the evolution of smart textiles
and enhancing the overall quality of human life.*3*
Researchers and engineers continue to explore innovative ways
to improve the performance, scalability, and integration of
MXene-based devices into everyday wearables. On this basis,
Weng et al.*” developed flexible MXene-bacterial cellulose (BC)
composite films with high capacitance (346 mF cm™?),
employing bacterial cellulose as a crosslinking agent. The
lightweight MXene-bacterial cellulose (BC) composite films
were synthesized through vacuum filtration. The researchers
proposed a self-chargeable supercapacitor integrated into
a smart wristband, designed to harness human sweat for power,
thereby offering a promising solution for self-powered wear-
ables. The smart wristband features innovative self-
rechargeable supercapacitors, comprising four interconnected
units arranged in series, accompanied by a pedometer and
a comfortable wrist strap. Strategically designed filter papers
within the wristband absorb perspiration from the wearer's
skin, as shown in Fig. 16(a). The device starts in an initial off-
state, and after a few minutes of jump rope activity by the
volunteer, the self-charging supercapacitor absorbs sweat,
activating the pedometer (Fig. 16b). As the volunteer walks, the
pedometer accurately records the number of steps taken,
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Fig.16 (a) Visual representations of the self-chargeable smart wristband. (b and c) Images showcasing the functionality of the self-powered step
metering feature of the smart wristband.**” Copy @ Elsevier 2023. (d) Diagram and photograph of a 6 V ‘Stacked’ supercapacitor encased in
a vacuum-sealed bag. (e) Essential metrics for textile supercapacitor integration in flexible energy storage systems and collaboration with
peripheral electronics: a case study with a TizC,T, MXene textile supercapacitor featuring a 5 x 5 cm? footprint powering programmable

electronics.®*® Copy @ Royal Society of Chemistry 2023.
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highlighting the self-powered functionality of the smart wrist-
band (Fig. 16c¢). This real-world application underscores the
effectiveness of MXene-BC composite films in creating practical
and self-charging wearable electronics suitable for everyday use,
marking a significant advancement in the field of wearable
technology. Furthermore, Gogotsi et al.** reported a noteworthy
development in textile-based supercapacitor devices, featuring
a high areal loading of Ti;C,T, and designed for integration in
wearable electronics to meet real-world power requirements.
Their device utilized a stacked supercapacitor design (see Fig.
16d), where two electrodes were separated by a porous cotton
fabric. In the ‘2.Electrodes’ configuration, electrodes were
placed side by side. Additionally, two interdigitated designs
(‘I.2’ and ‘I.1’) were employed to minimize ionic resistance in
two dimensions, eliminating the need for a separator. The
researchers demonstrated the practicality of their approach by
creating a textile supercapacitor with 5 cells, showcasing a 6 V
voltage window. This setup delivered significant energy density
(0.401 mW h cm™?) and successfully powered a temperature
monitoring system for an impressive duration of 96 minutes.
This demonstration underscores the potential applications of
flexible supercapacitors in smart garments and peripheral
electronics, as illustrated in Fig. 16(e). The ability to provide
sustained power for real-world functions highlights the prom-
ising role of these textile-based electrochemical capacitor
devices in the realm of wearable and flexible electronics.
Recently, researchers have successfully developed 2D MXene-
based supercapacitors using advanced printing techniques. In
their study, Xu et al.®*® utilized screen printing to construct
a coplanar asymmetric microscale hybrid device (MHD) based
on MXene. Notably, Ti;C,T, MXene nanolayers functioned as
the negative electrode, while Co-Al layered double hydroxide
(LDH) nanolayers were employed as the positive electrode. The
development process involved a meticulous two-step screen
printing technique. The resulting microdevice exhibited
impressive features, including a notable energy density of 8.84
W h em™? and exceptional cycling stability, maintaining 92%
capacitance even after 10 000 cycles. The researchers showcased
the practical application of this innovative device by integrating
it with a flexible force sensor fabricated on paper and PET
flexible substrates. This integration transformed the MHD into
a portable power source unit, facilitating heart rate monitoring
by detecting subtle vibrations from the finger arteries. More-
over, the researchers highlighted the device's capability to be
directly attached to human skin. The implications of this
technological advancement are significant, offering valuable
contributions to the improvement of human life. The developed
2D MXene-based supercapacitors and their versatile applica-
tions, from energy storage to health monitoring, showcase the
potential for transformative impact in various fields.

Despite the rapid advancements in MXene-based flexible
wearable supercapacitors, several limitations persist in the
current progress. While MXene materials offer lightweight and
high conductivity properties ideal for wearable electronics,
challenges such as energy harvesting efficiency and scalability
need to be addressed. For instance, the reliance on human
sweat or ambient environmental sources for energy harvesting,
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as proposed in the self-chargeable smart wristband developed
by Weng et al.,** may face limitations in practical imple-
mentation due to variable sweat production rates and environ-
mental conditions. Additionally, while the integration of
MXenes into wearable textiles, as demonstrated by Gogotsi
et al.,** shows promise, challenges regarding manufacturing
scalability and durability remain unresolved. Moreover, despite
impressive achievements in energy density and cycling stability,
as showcased by Xu et al.**® with their 2D MXene-based super-
capacitors, the translation of lab-scale prototypes to mass
production and commercial viability poses a significant hurdle.
To address these shortcomings, future research efforts should
focus on optimizing energy harvesting mechanisms, improving
manufacturing scalability and enhancing device durability to
realize the full potential of MXene-based wearable super-
capacitors. Additionally, collaboration between researchers,
engineers, and industry stakeholders will be crucial in over-
coming these challenges and accelerating the adoption of
MXene-based wearable energy storage solutions, ultimately
enhancing the quality of human life through innovative wear-
able technologies.

10. Conclusions and prospects

MXenes possess the potential to revolutionize high-
performance energy storage devices due to their excellent elec-
trical conductivity, intriguing layered structure, hydrophilic
surface, mechanical durability, outstanding catalytic reactivity,
outstanding stability, and remarkable energy density. Even
though MXenes offer numerous advantages and have made
significant strides in both production and application, there are
still certain challenges that require further investigation. In
particular, this review primarily focuses on the recent progress
achieved in MXene based electrode materials for super-
capacitors. It delves into topics such as the impact of various
electrolytes on MXene electrodes, techniques for fabricating
devices, the electrochemical behavior exhibited, and strategies
for enhancing performance through modifications. Addition-
ally, the study delves into the enduring structural stability of
MXene electrodes after electrochemical testing. Future studies
should investigate the following research and innovation
directions for MXene-based supercapacitors:

1. Despite the numerous strategies employed for MXene
synthesis, the challenge of achieving a high yield of MXenes
persists, and the underlying cause behind this issue remains
elusive. Furthermore, the conventional etching techniques
utilized in the synthesis process pose several safety concerns.
These obstacles collectively impede the scalability and
commercial viability of MXene production.

2. The electrolyte is a crucial component of supercapacitors,
providing ionic conductivity and charge compensation. The
potential window of the electrolyte greatly affects the operating
voltage of supercapacitors, impacting energy density. Balancing
a wider potential window with high ionic conductivity is
a significant challenge in developing electrolytes that enhance
both properties without compromising performance.
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3. Most MXene electrodes exhibit a constrained potential
range, usually between 0.5 and 1 V, when employed in aqueous
electrolytes, thereby limiting their practical applicability.
Despite the broader potential range observed in MXene elec-
trodes when used with organic electrolytes, they face obstacles
such as sluggish ion transport rates and limited capacitance.
Addressing these challenges requires additional efforts,
including expanding the potential range of MXene electrodes in
aqueous electrolytes and enhancing the ion conductivity of
organic electrolytes.

4. Overcoming the challenge of increasing MXene's resis-
tance to oxidation remains a significant obstacle, given its direct
impact on the long-term cycling performance of supercapacitor
electrodes based on MXenes. Potential solutions to address this
issue could involve surface modifications and storage under
controlled conditions of low temperatures or inert
atmospheres.

5. MXenes exhibit low crystallinity and are prone to oxidation
in testing environments. Additionally, understanding the
structural changes and electrochemical processes of MXene-
based electrodes across cycles is crucial. Hence, employing in
situ characterization techniques like SEM, TEM, electro-
chemical Raman spectroscopy, and X-ray photoelectron spec-
troscopy can facilitate a deeper analysis of composite materials.
These methods are essential for comprehending the intricate
relationship between the material composition, structure, and
properties of MXene-based electrodes. Furthermore, further
theoretical exploration of MXene materials is imperative.
Experimental findings should be corroborated through theo-
retical investigations, underscoring the importance of inte-
grating theoretical research with experimental testing.

6. Research articles frequently explore both symmetric and
asymmetric supercapacitors. The rise in the popularity of flex-
ible electronics, known for their slimness, lightweight nature,
and adaptability, has fueled the demand for flexible devices
capable of maintaining substantial energy storage and consis-
tent capacitance even during bending and distortion. Hybrid
supercapacitors play a pivotal role in this context, as they
combine high energy density as well as specific capacitance,
effectively bridging the gap between conventional super-
capacitors and batteries.

7. Supercapacitors are paramount to meeting the evolving
demands of flexible and portable printed electronics. Over-
coming production challenges necessitates the exploration of
innovative active electrode materials, and the emergence of
printable MXene materials holds great promise in addressing
limitations associated with other 2D materials. MXenes, with
their unique physical and chemical properties, stand out as
potential game-changers in the realm of printed electronics.
Although research in this area is still in its nascent stages, the
current findings suggest that MXenes could revolutionize
printed electronics, offering not only efficiency but also a cost-
effective solution for the development of future electronic
devices. Acknowledging the ongoing challenges, this avenue of
research signifies a compelling direction for the continued
evolution of electronic technologies.
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8. Wearable supercapacitors harnessing MXene technology
represent a remarkable stride in biomedical engineering,
offering a plethora of possibilities for transformative applica-
tions in healthcare and biotechnology. The distinctive features
of MXene materials, such as their inherent flexibility, light-
weight nature, and biocompatibility, position them as compel-
ling options for powering wearable devices, ushering in
a paradigm shift in healthcare delivery. These supercapacitors
boast advantages such as high energy density and outstanding
electrochemical performance, making them well-suited for
integration into wearable devices, ensuring sustained power
and comfortable use. Despite these advantages, challenges
related to scalability, stability, integration with other compo-
nents, and cost-effectiveness must be addressed. Further
research is imperative to refine manufacturing processes,
enhance stability, ensure seamless compatibility with other
components, and reduce production costs. As ongoing research
and development endeavors persist in refining MXene-based
technologies, a promising future unfolds, with wearable
devices poised to significantly enhance patient outcomes,
enable remote monitoring, and revolutionize the landscapes of
biomedicine and healthcare.

9. To facilitate the translation from laboratory-scale demon-
strations to practical applications, it is imperative to prioritize
the development of scalable methods for MXene synthesis and
electrode fabrication techniques. This transition is pivotal in
harnessing the full potential of MXene supercapacitors for viable
energy storage solutions in real-world scenarios.

10. The ecological consequences of MXene-derived super-
capacitors, encompassing both their production methods and
the disposal procedures at the end of their lifecycle, need to be
examined. It's crucial to explore sustainable techniques and
recycling practices to reduce their environmental footprint.

11. In addition to supercapacitors, there is a lot more to
explore and validate for MXenes as nanofillers in polymer based
dielectric energy storage capacitors. This area is unexplored
using MXenes as 2D filler materials. MXene as a 2D nanofiller in
a polymer matrix shows excellent properties and has been re-
ported to enhance the dielectric constant by 5-fold on a PVDF
based polymer with 15 wt% 2D Ti;C,T, nanosheets as fillers.>*”
This is quite surprising for such a high enhancement of the
dielectric constant from 40 to 100 000 with the incorporation of
a small amount of 2D MXene. But, due to the high conductivity
the dielectric loss is significantly high. A high dielectric constant
and high breakdown field strength are required to use a dielec-
tric material for high-density energy storage devices according to

. 1 .
the formula storage energy density Ug ~ EgoerEBDZ; where ¢, is

the dielectric constant of free space and e, is the dielectric
constant of the dielectric material. Egp, is the breakdown electric
field strength. For a capacitor to be used as a high-density energy
storage device, the dielectric constant and breakdown field
strength are two major components to be enhanced and at the
same time dielectric loss needs to be minimized. Thus, a proper
engineering method to incorporate MXene as a filler in the
polymer needs to be developed to minimize the loss and enhance
the energy storage performance to envision the potential
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application of MXene based dielectric materials for the next
generation of high-density energy storage devices.

This review emphasizes the significance of investigating
novel MXenes as possible anode electrode replacements for
supercapacitor devices. In particular, heterostructures show
promise because of their exceptional conductivity as well as
wide electrochemical operating range. Moreover, the advance-
ment of MXene-based supercapacitors relies on the crucial
development of binder-free electrodes. The purpose of this
review is to establish a connection between past research and
future directions, bridging the existing knowledge gap and
identifying areas that require further investigation.
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