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MXene-carbon based hybrid materials for
supercapacitor applications

Pavithra Siddu N. K..* Sang Mun Jeong {2 *° and Chandra Sekhar Rout (2 *@®

Designing hybrid materials with superior electrochemical properties has attracted tremendous interest in
recent years for energy-storage applications owing to a high demand for energy sources and the
depletion of fossil fuel resources. In this regard, supercapacitors have attracted considerable interest
considering their excellent characteristics and superior performance. Among these material families, one
group that stands out, particularly in electrochemical energy-storage applications, is 2D transition metal
carbides and nitrides, commonly referred to as MXenes, alongside carbon-based materials such as
activated carbon (AC), carbon nanotubes (CNTs), conducting polymers (CPs), and graphene (GO, rGO)
owing to their remarkable thermal, electrical, and mechanical properties. This comprehensive review
encompasses the most recent advancements in the exploration of supercapacitors based on MXene/
carbon-based composites. It delves into various aspects of these composites, such as material synthesis,
electrode materials, electrochemical performance, and diverse applications, offering an in-depth analysis
of this field. This article seeks to explore the practical implementation of MXene/carbon-based
composites in the realm of supercapacitor research, offering valuable insights into these highly
promising materials for future investigations. Accordingly, a detailed literature review was carried out.
Finally, the current trends, limitations, and future perspectives of MXene—carbon-based materials for
supercapacitor applications are proposed.

1. Introduction
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crisis, thus driving the search for environment-friendly and
high-performance energy-storage devices."® More advanced
and effective storage methods are required for the storage of
energy produced by renewable resources. In this view, super-
capacitors and batteries are the most widely studied candidates
for energy storage. In devices that have batteries with high
massic energy, capacitance is inversely proportional to elec-
trode separation and directly proportional to the electrode area,
and hence, supercapacitors are excellent energy-storage electro-
chemical devices with less input resistance, high power density,
long durability, expeditious charge discharge, and eco-friendly
nature. Consequently, supercapacitors have gained more popu-
larity compared to batteries.*” Supercapacitors are also known
as ultracapacitors. Based on their mechanism of energy storage,
they are classified into two unique categories: electrochemical
double-layer capacitors (EDLCs) and pseudo capacitors.®® The
primary focus of several ongoing studies is to explore suitable
electrode materials for supercapacitors, aiming to enhance
both high specific energy and power while significantly
prolonging their cycling life. Among the studied materials,
MXenes, a class of two-dimensional (2D) materials, have been
extensively reported by Gogotsi et al in 2011°"' to have
exceptional hydrophilicity and metallic conductivity. This com-
position is commonly represented as M,,;AX,, where M
denotes a transition metal, A signifies a group of elements
from IIA or IIIA, and X symbolizes nitrogen or carbon. MAX
phases can also be referred to as A layer-bonded layered 2D
transition metal nitride and carbide phases. The chemical
formula of an etched MXene is represented as M,,,,1X,, Ty, where
T stands for surface functional groups (OH, F, and O). MXenes
perform admirably in practically all electrolyte media. It has
been reported that the electrochemical-charge-storage capabil-
ity is remarkable in MXene-based electrodes in supercapacitors
owing to several influential factors (Fig. 1).

The energy-storage capacity of individual MXene electrodes
is, however, limited by some challenges, such as agglomera-
tion, low energy-storage density, and the tendency of the
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Fig. 1 Several influential factors that can affect the performance of
MXene-based electrodes in supercapacitors.

multilayer structure to undergo spontaneous collapse during
initial cycles. To overcome this issue, MXenes can be combined
with other one-dimensional (1D) carbon-based materials in a
synergistic manner to further enhance their energy-storage
capabilities."”> Where sp> hybridized carbon atoms are arranged
in a hexagonal lattice in carbon materials. These can have
several uses in various fields, including energy-storage devices,
field-effect transistors, sensors, and other gadgets, because of
their remarkable characteristics (thin, transparent, and flex-
ible). The significance of MXenes and an overview of several
carbon-based electrode materials are discussed herein. The key
methods to improve the energy-storage performance by altering
the material morphology and surface engineering/functionali-
zation are thus described. Also listed herein are the difficulties
and prospects for achieving high structural excellence and
exceptional capacitance performance. The significance of
carbon-based materials, their synthesis, crystal structure, the
evolution of supercapacitors, and recent advancements and
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Fig. 2 Detailed summary of the content of the review.
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applications towards effective supercapacitor electrode materi-
als are all outlined in this paper. Fig. 2 provides a schematic
illustration that outlines the content of the present review in a
concise manner.

2. Evolution of supercapacitors

The energy source of choice for daily instruments that require day-
long power is batteries, while supercapacitors are utilized for
quicker power charging and discharge. Supercapacitors (SCs) are
also called ultracapacitors or electrochemical capacitors;'® wherein
supercapacitors have an energy-storage capacity per unit of mass or
surface that is comparatively lower, hence they utilise materials
with a huge surface area as electrodes than thin dielectric fluids to
achieve capacitors with numerous orders of magnitude higher
capacitance than natural capacitors. Incorporating materials into
these can allow supercapacitors to achieve larger energy densities
while maintaining higher power densities, which is a hallmark
characteristic feature of normal capacitors.

Where used in a normal capacitor, double conducting
electrodes are separated by a dielectric material, and then upon
applying voltage to the capacitor, opposing charges accumulate
on the surfaces of both electrodes. The dielectric of a capacitor
plays a crucial role in separating the charges and generating an
electric field, facilitating the storage of energy. The ratio of the
stored charge (Q) to the voltage that is being applied (V) is
known as the capacitance (C):

C = Q/V (Farad) (1)

The capacitance (C) of a conventional capacitor is directly
proportional to the electrodes surface area (4) and inversely
proportional to their separation distance (D):

C = (€¢&r A)/D (Farad) (2)

where, &, r is the relative permittivity of the insulator separat-
ing the anode and cathode and influences the system’s perfor-
mance, and & is the dielectric free space permittivity constant.
The energy and power density of a capacitor are significant
characteristics that can be evaluated in terms of the unit
volume or quantity per unit mass. The capacity a capacitor
can store, denoted as E, is directly proportional to its capaci-
tance and the voltage squared:

E = (CV?)/2 (Wor)) (3)

In SCs various charge-storage characteristics are caused by the
electrochemical reactions inside of them. Electric double-layer
capacitors (EDLCs) or supercapacitors, store electrical charges
by the adsorption of electrolyte ions on the electrode materials.
High power causes potential changes that can make the reac-
tion occur more quickly. There are numerous characterization
techniques for achieving double-layer capacitance, including
cyclic voltammograms with a rectangular shape and time-
dependent linear potential change with constant current.
Reversible reduction and oxidation events that take place at
or close to the surface of a suitable electrode material lead to
the structures of an EDLC, but the reactions also lead to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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superior charge storage. This technique of pseudocapacitance
illustrates the capacitive nature of energy storage. Pseudocapacitors
have higher power storage densities, cycle lifetimes, and energy-
storage densities. Metal oxides, like CozO, and RuO,, other
nitrides, and carbides also show pseudocapacitance behaviours.

2.1. Types of supercapacitors

Supercapacitors can be categorized into three categories:
hybrid capacitors,'* electrochemical double-layer capacitors,®
and false- or pseudocapacitors.’® These three classes serve as
an example of their typical charge-storage techniques. Elec-
trode and electrolyte charge transfer play important roles, such
as in faradaic processes, like redox reactions. Surprisingly, a
non-faradaic technique does not use redox chemical
reactions,"” and surface charges are spread physically, without
considering chemical processes.

2.1.1. Electric double-layer capacitance. In an EDLC super-
capacitor, charges are separated by the Helmholtz double-layer
interface among the conductive surface of the electrode and the
electrolyte to store electrostatic energy.'®

The mechanism of charge storage in EDLCs depends on the
electrostatic adsorption of the electrolytic ions on the electrode
surface. Therefore, the way to get high capacitance for EDLCs is
by using an electrode material with a more efficient accessible
surface area in addition to its good electronic conductivity, i.e.
selecting the electrode material is a critical step to improve the
behaviour of SCs. A double layer’s static charge-separation
distance is in the order of nanometres. Through the process
of charging the double layer and exploiting conducting electro-
nic electrodes, nanostructured carbon-based materials with a
great specific surface area (SSA) is a significant factor for
generating high capacitance. Carbon-based materials include
graphene and its derivatives activated carbon (AC), carbon
nanotubes, carbon nanohorns, carbon fibers, carbon cloth,
and porous carbons. The ideal voltage linearly drops during
discharge in EDLC capacitors."® The square of the voltage
affects how much energy the ideal EDLC can store. In EDLC
electrodes, carbon and its derivatives have been tested and
widely used.?® The material is characterized by its good electro-
chemical stability, high electrical conductivity, and highly
accessible surface area, besides its low cost and ease of proces-
sing. Over the last years, porous electrode structures have
attracted considerable attention, providing very high SSAs
and well-defined pathways for electrolyte access. The capaci-
tance of EDLCs is analogous to a conventional capacitor and
can be described as follows,

C=¢e A/d

where €, is the relative dielectric constant in the double layer,
€o is the permittivity of free space, and d represents the
effective thickness of a double-layer with the surface area A.
As a result of the electrostatic charge-storage mechanism,
including no faradaic reaction at the EDLC electrodes surface,
EDLCs allow very rapid energy uptake and delivery, ie. they
exhibit better power performance than batteries. Hence, highly
reversible charging/discharging and excellent cycling life are

Energy Adv., 2024, 3, 341-365 | 343
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achievable for EDLCs, whereas batteries can continue for a few
thousand cycles at best. Besides, the solvent of the electrolyte is
not involved in the charge-storage mechanism, unlike in
lithium-ion batteries where it contributes to the solid-electro-
lyte interphase. High-capacitance EDLCs can also achieved by
increasing the electrode surface area, which can be additionally
increased by using a porous structure. EDLCs typically charge
storage (up to 0.25 atomic surface electrons) by surface absorp-
tion, which allows them to discharge higher power densities,
and achieve longer life cycles, but with lower energy densities.

2.1.2. Pseudocapacitors. In the most highly advanced
pseudocapacitors,” the transfer of electrons for electrochemi-
cal energy storage occurs through redox reactions at the sur-
face, involving the passage of charge across the double layer by
redox reactions at the surface with the specific adsorption of
electrolytic ions, the intercalation or diffusion of atoms in the
electro-adsorption process or layer, or deposition of metal or
hydrogen in the lattice sites. These processes facilitate a
reversible faradaic charge transfer within an impressive ratio
of 2.7 surface electrons per atom. Importantly, the electrical
response of a pseudocapacitive material is ideally the same as
that of a double-layer capacitor. The pseudocapacitors energy
density is typically greater than that of EDLCs. The major
materials used in pseudocapacitors are conducting polymers
and metal oxides (nitrides, sulphides, and oxyhydrides). fara-
daic processes occurring together with EDL-charge-storage

Surface Redox
Pseudocapacitor

(a) Electric Double Layer
Capacitance

(d)
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increase the specific capacitance of an electrode. The capaci-
tance of a pseudocapacitor can be 10-100 times higher than
that of an EDLC. Nevertheless, the power performance of a
pseudocapacitor is usually lower than that of an EDLC, due to
the slower faradaic processes involved. Electrodes exhibiting
pseudocapacitance are more prone to swelling and shrinking in
charge/discharge cycling, which can lead to poor mechanical
stability and a low cycle life.

2.2. Mechanisms for storing charge

The operation of SCs generally involves three main charge-
storage mechanisms (Fig. 3): (1) One involving the electric
double layer in an EDLC. Here, the dual charged layers that
develop at the interfaces of electrolyte/electrode are identified
as the electrical double layer (EDL).>* Early EDLs were some-
times referred to as Helmholtz double-layers, because they were
typically associated with Helmholtz energy. The Gouy-Chap-
man-Stern and Gouy-Chapman models define the specific
structures of EDLs. Activated carbon with a greater surface area
is often used as the medium in EDLCs. Due to their
larger surface area, EDLCs can store more electricity that is
measured in Farads, while in conventional electrolytic and
dielectric capacitors it is frequently expressed in terms of
picofarads and microfarads. (2) Another involving a highly
reversible surface reduction and oxidation system integrated
into the supercapacitor. This system was developed by Trasatti,
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Fig. 3 Electrochemical signatures of energy-storage techniques are shown schematically, together with their representative CV and CD curve shapes:
(a)-(c) EDLC, (d)-(f) surface oxidation reduction capacitance, (g)—(i) capacitance intercalation, and (j)—(l) faradaic battery-type. Reprinted with permission

from ref. 25. Copyright John Wiley and Sons, 2020.
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and is associated with a large reversible redox surface reaction,
facilitating an incomplete transfer of charge among the electrolyte
and the electrode.”® Although being charged, metal oxide electrode
materials that are active in both reduction and oxidation are
reduced to decrease their oxidation states besides absorbing elec-
trolytic cations. The reverse of this action occurs during discharge.
Pseudocapacitors between the electrode and electrolyte feature an
incomplete movement of faradaic charge at the junction, in con-
trast to EDLCs, which allows storing electrical charges statically
without any faradaic charge transfer. (3) A process involving the
rapid transport of electrolytic ions and an intercalation process,™*
both of which take place in pseudocapacitors. Electrolytic ions
travel through the electrode materials during discharging and
discharging in the pseudocapacitive intercalation process, which
is diffusion controlled. These share two great characteristics
(1) quick reversibility during charging and discharging and a
(2) charge-dependant potential.

2.2.1. Hybrid supercapacitors overall capacity for charge
storage. In practice, a supercapacitor’s ability to store charge is
improved by a mixture of numerous such charge-storage
techniques.*®® For instance, the development of EDLs regu-
lates the charge storage of EDLCs based on AC, but oxidizing
groups on the surface of the AC may also activate some surface-
based reduction and oxidation actions.” Even yet, asymmetric
or hybrid capacitors that include different EDLC and pseudo-
capacitor electrodes have been reported to show improved
energy performance while retaining their internal greater power
delivery properties.*®

2.3. Performance evaluation of supercapacitors

Three essential characteristics—equivalent series resistance
(RES), total cell capacitance (CT), and voltage of operation

View Article Online
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(VO)—are repeatedly employed to gauge the performance of
supercapacitors, allowing designers and manufacturers to
make products that are suitable for commercial markets while
also analysing their performance in terms of power and energy.
A brief glance at the complex relationships between the various
demands for specific recital requirements and their interrela-
tionships, the majority aspects required, and the proper
testing methods shows that a broad variety of significant
features are required to produce supercapacitors for different
applications.?' The schematic diagram in Fig. 4 shows these
demands, using a variety of colour schemes to highlight the
different aspects, whereby the three vital parameters are high-
lighted in blue, followed by the power and energy density
aspects in orange, the time stability and cycling stability
requirements in dark blue, and additional important charac-
ters in yellow, as well as the appropriate system of testing in
white. Be aware that the chart does not include all the compo-
nents or fully describe the intricate relationships between
them; it is primarily intended as an illustration. For instance,
the comprehensive influence of the electrolyte materials on the
specific capacitance and mechanism for evaluating V, are not
fully described. A wide range of performance measurements,
test procedures, influencing factors, as depicted in the sche-
matic depiction, and the complex interconnections between
them are provided. Also, note the standards have been estab-
lished after several experiments.

3. Evolution of MXenes
3.1. MXenes (structures, surface terminations, and synthesis)

A multitude of applications, such as energy conversion, med-
icinal devices, and energy storage, heavily rely on 2D
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Fig. 4 Schematic showing the significant performance measures, testing methods, and influencing aspects for the evaluation of SCs.
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nanomaterials.®* They are superior to their bulk counterparts
in terms of mechanical, physical, chemical, optical, and elec-
trical properties, and consequently, 2D materials have attracted
a lot of in a diversity of scientific areas, including chemistry,
material science, and nanotechnology. Beyond the discovery of
graphene, various layered precursor materials have been exfo-
liated over the past 17 years to produce various 2D nanomater-
ials, including black phosphorus (BP),** transition metal oxides
(TMOs),** layered double hydroxides (LDHs),* transition metal
dichalcogenides (TMDs),*® graphitic carbon nitride (g-C;N,),*”
hexagonal boron nitride (hBN),*® and metal phosphorus tri-
chalcogenides (MPS;).*° In addition to the above instances of
layered materials, which have a wide range of applications due
to their adaptable structure and composition, Gogotsi et al.
published the first successful investigation to produce 2D
transition metal carbides, carbonitrides, and nitrides, termed
as “MXene”, in 2011, which could be succinctly epitomized by
the formula M,,+,X,,. By using HF solution etching process and
selectively extracting the ‘A’ layer from the MAX phase (Ti;AlC,),
the first MXene (TizC,) was produced.*’ Barsoum introduced
the MAX phase in 2000 and gave it the chemical formula
M,,;1AX,,, where M represents an early transition metal (such

View Article Online
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MAX phase, with n = 1, 2, or 3. The conventional name of 2D
MXene TizC, is “Ti;C,T,”, where “T” stands for a number of
corresponding termination groups gracing its surface, such as
hydroxyl, oxygen, and fluorine groups. Chemical etching of the
atomic layer “A” produced the first MXene. In a number of articles,
Anasori et al. presented every MAX phase ever discovered at that
time as well as every different MXene they had so far synthesized.*'
Other kinds of MXene have since been synthesized using the same
processes as the original MXene. The nomenclature trend also
follows the preceding pattern. Some examples of MXene materials
that are frequently used in research disciplines, including in energy
conversion and energy storage, include TiyN;T,, Ti,CTy, Zr;C,Ty,
V,C;Ty, V,CT,, Cr,CT,, Ti;C,T,, Ta,C;T,, and Nb,C;T,. The follow-
ing reactions below illustrate the most typical method of etching by
using hydrofluoric acid (HF) selectively while functionalizing the
MAX phase (Fig. 5 and 6), where eqn (1) depicts the transition from
the MAX phase to the M,,.;X,, phase as a result of the removal of the
“A” atom. Further, according to eqn (2) and (3), the strategic
incorporation of OH and F elements into M,,;;X,, MXene. respec-
tively, produces M,,.;X,,T, MXenes. As was already mentioned, the
surface functionalities are defined by the term T.*

as Ti, Cr, Se, Mn, V, Zr Mo, Hf, Nb, Hf, Ta, or W), “A” is M,1AX,, + 3HF — AF; + 3/2H, + My X, (4)
frequently selected from the IIIA or IVA group elements (e.g
elements from groups 13-16, like P, Si, S, Ge, Ga, Al, In, As, TI, M,11X, + 2H,0 — My X,(OH), + H (5)
Sn, and Pb), and X can be either carbon or nitrogen or a
combination of both MXene formulations and layered solid M,,1X,, + 2HF —> M, X, F, + H, (6)
a b C
MAX powder (M,AC) Delaminated MXene

Multilayer powder (M,C)

PR e teetes

.

Fig. 5 Top-down etching routes for the synthesis of MXene flakes. Ordinarily, the “A" atomic layer in (a) HF, bifluoride-based etchants (NH4HF>), or HF-
containing salt can be used to selectively remove stacked MAX phase powders, resulting in (b) MXene particles with several layers. Following sonication,
further metal cation intercalation, DMSO, and TBAOH produce (c) delaminated single-flake MXene suspensions. Top row. Reprinted with permission

from ref. 44. Copyright 2020, John Wiley and Sons.
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Fig. 6 Application-specific MXene properties for supercapacitors.

In addition to the primary method of using HF to remove “A”
atomic layers, there are additional etching methods to produce
MXenes from the MAX phase, such as direct intercalation,
modulation of the layer spacing, synthesizing the M,,.;1X,, phase
without the surface functionalities using chemical vapour
deposition (CVD),"® and the innovative in situ separation of
fluoride to a cation, each offering a diverse avenue for material
creation and modification.

The phonon dispersion and cohesive energy (E.on) spectra
can be used to study the thermodynamic stability of MXene
materials. The surface functional groups and the specific metal
featured within the MXene structure both affect the E.;, values.
According to Zhang et al, raising the atomic number of the
metal ion increases the E.,, value. When the surface termina-
tion groups are taken into consideration, the E ., changes in
the following order: (—O) > (F) > (O) > (F) > (O-H). The
placement of the functional groups in relation to the diverse
metal ions in the structure of MXene, along with the type of
surface terminations and metal ions, yields a panorama of
fluctuating E.p, values for MXene functionalized with different
geometries.”” As such, the electrochemical characteristics of
the MXenes can be enhanced by regulating the surface termi-
nations. The hydrophilicity of MXene results from oxygen
terminations (such as O and O-H), which enhance the ion
interactions with the electrolyte and enhance the pseudocapa-
citive behaviour. In contrast, terminations containing F result
in decreased surface-active sites, which prevent ion transfer in
the electrolyte and reduce electrical conductivity. To synthesize
MXenes, a fluoride-free etching technique can also be used.
According to reports, the electrochemical performance of
MXenes obtained using the F-free etching procedure is limited,
possibly as a result of the lack of quality of the F-free etching.
Many processing methods, such as Meyer rod-coating, spray- or
spin-coating, writing, printing, and stamping, can be used to
apply the exfoliated MXene that results from these methods.*®
The primary reported MXene (Ti;C,) showed a unique

© 2024 The Author(s). Published by the Royal Society of Chemistry
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combination of good optical characteristics, highly accessible
surface area, impressive metallic conductivity of around
9880 S cm ™, large interlayer spacing, and outstanding thermal
stability.”” The general properties of MXenes are shown in the
schematic representation in Fig. 6. Moreover, MXenes have
demonstrated a great degree of mechanical, chemical stability,
and changeable surface state. MXenes have provided a higher
specific capacitance when compared with other compounds
studied. For instance, films made of Ti;C,T, had a volumetric
capacitance greater than 300 F cm™>. Given their diverse
properties, MXenes are widely used in numerous applications,
like energy storage, including flexible batteries,*®*® flexible-
micro supercapacitors,”® nanogenerators, and sensors.”"

3.2. Challenges faced by MXenes

Irrespective of the excellent outcomes produced by using
MXene hybrids in devices for energy storage, the implementa-
tion of MXenes into different kinds of batteries and super-
capacitors is restricted by a number of challenges. For instance,
it can be difficult to achieve a compromise between the
mechanical characteristics of MXenes, such as their inherent
inclination to face-to-face restack and random aggregation,
strength, plasticity, and durability, and the electrochemical
qualities in terms of flexible SCs (Fig. 7). To date, several
approaches have been used to deal with the restacking diffi-
culty, most notably the introduction of additional nanomater-
ials. Moreover, stacking the MXenes layers results in a
significant vertical ionic diffusion resistance, which eliminates
the MXenes material’s rate capacity at high current density
values.

Another issue that needs to be considered is the oxidation of
MXenes. The harsh chemical etching procedure, which is
thought to be an active aspect for the oxidation reaction of
MZXenes, causes flaws on the surface of the MXenes or at the
edge of the flakes. As a result, the highly crystalline MXenes can
degrade into TMOs, like TiO, and amorphous carbon, when
exposed to water and/or oxygen. Suppressing the dissolved
oxygen is the first step that might be taken to prevent this as
the substance needs to be stored before use. This could be done

,Aggregation

Self Restacking ®
Structural Instability

Inactive Active Sites®
o LOW capacity

. ©
Volume Expansion

Fig. 7 Schematic showing some disadvantages of 2D materials.
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by storing the solution in argon-sealed containers. Purging dry
nitrogen throughout the synthesis process is a helpful
approach to eliminate the dissolved oxygen in order to inhibit
MXene oxidation. The temperature, content, and pH of the aq.
dispersions are just a few of the parameters that must be
controlled in order to provide a favourable environment for
the storage of MXenes while maintaining a lower temperature
to slow the rate of oxidation. Thus, it is necessary to address the
issues related to the aggregation of the produced MXenes and
the storage at sub-zero temperatures. Given that MXene oxida-
tion tends to start at the edge active sites, using polymers to
create MXene-polymer based composites is extremely advanta-
geous to improve the stability of the MXenes. For instance,
polar polymers with charged nitrogen ends showed a strong
propensity to interact with the Ti;C,T, layers, increasing the
interlayer gap. Physical vapour deposition and atomic layer
deposition have been introduced as suitable methods to reduce
the oxidation of MXenes, leading to improvements in their
chemical stability in aqueous electrolytes, among other
approaches to deal with the oxidation issue. Approaches to
regulate the interaction of exfoliated MXene nanosheets with
various solvents and to reduce the production cost without
compromising the quality of the MXenes should be given more
thought. Also, as exposure to MXenes may have harmful effects
on the respiratory system, skin, and digestive track, compre-
hensive effort is also required to address the environmental
hazards of MXenes.>”

In order to reduce the use of a needlessly high HF concen-
tration, it is also crucial to consider the risk evaluations of the
HF-based etching technique and replace it with alternate pro-
tocols. In situ HF production from salt based-HF, such as
(NH4)HF, or fluoride salts, such as LiF, can be an alternate
method for synthesizing HF-containing etchants. Also, new
appropriate encapsulating techniques would be extremely help-
ful in the case of MXenes with a high rate of oxidation to
increase the stability and lifetime of the associated devices.
Also, it is important to look at how the structural features of
MXenes affect their ability to store charges and behave
electrochemically.”®** In this regard, factors like the basal
spacing and surface chemistry can have a significant impact.
Also, the accessibility and use of surfaces for electrochemical
energy storage are severely constrained by MXene’s inherent
inclination to face-to-face restack and random aggregation,
which is a problem shared by all other 2D materials. To date,
several approaches have been reported to deal with the restack-
ing difficulty, most notably the introduction of additional
nanomaterials.>®

Despite the difficulties highlighted, MXene materials have a
bright future ahead of them because of their special features
and the advancements made as a consequence of extensive
study and labour in various sectors, including environmental
science, biomedicine, environmental science, catalysis, energy
storage, and energy conversion. However, significant efforts
and research are still needed to better understand the mecha-
nism of energy storage in MXene nanomaterials to enable them
to achieve superior performances, and also to provide effective
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approaches to construct MXene-based supercapacitors and
battery devices.>

4. Carbon-based materials for SCs

Carbon-based materials have demonstrated remarkable adapt-
ability. Since they can chemically combine with other carbon-
based materials and a variety of different elements to generate
potent covalent bonds, they can consequently display many
great qualities, like strong strength, high density, and high
hardness.’®®' The development of carbon-based materials has
demonstrated numerous benefits for a variety of structural
types, enabling the manufacture of numerous materials with
various uses. Herein our focus is on carbon-based materials
that have demonstrated promise in a range of applications
intended to address the world’s present energy and environ-
mental concerns. Recent research suggests that graphene-
based materials and carbon nanotubes (CNTs) exhibit vastly
favourable results for many of the environmental problems that
we presently face and that will become much more serious in
the upcoming future if we do not prioritise the research and
development of new technologies to reduce and even overcome
the current serious environmental issues, including global
warming and pollution from burning fossil fuels.

Some nanoparticles that are entirely composed of carbon
and are referred to as carbon-based nanoparticles are schema-
tically illustrated in Fig. 8. They can be divided into fullerenes,
graphene, carbon nanotubes, carbon nanofibers, and carbon
black, as well as the frequently nanoscale activated carbon in
ZEro size.

4.1. Carbon nanotubes (CNT)

CNTs are nanotubes made of graphene nanofoils with a carbon
atom like honeycomb lattice that are wound into hollow
cylinders. Single-layer CNTs have a diameter as small as
0.7 nm, while multi-layered CNTs have a diameter of 100 nm.
The nanotube lengths range from a few micrometres to numer-
ous millimetres. Either a hollow end or a half fullerene mole-
cule can close the ends. CNTs exhibit exceptional thermal,
electrical, mechanical, and surface-to-weight ratios as well as
enormous surface areas and high storage capacities.

4.2. Graphene

Carbon exists in various allotropes, including graphene. In
graphene, the carbon atoms are organized into a hexagonal
honeycomb lattice in a 2D planar surface. Typically, a graphene
sheet is about 1 nm thick. Graphene has a greater intersheet
van der Waals force of attraction. Its substantial surface area,
micro porosity, and high electrical conductivity are the major
qualities that make graphene materials viable contenders for
energy-storage applications.

4.3. Carbon nanofiber (CNFs)

Carbon nanofiber, or CNFs, are made from similar graphene
nanofoils as CNT but are twisted into a cone- or cup-shaped

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Polymorphs of nano-carbon-based materials. Reprinted with permission from ref. 62. Copyright 2018, Elsevier.

structure as opposed to a conventional cylindrical tube. They
offer excellent mechanical, thermal, electrical, and frequency
shielding qualities.

4.4. Carbon black (CB)

CB is a carbon-based amorphous material with diameters
ranging from 70 to 20 nm, that is often sphere-shaped. In
order to produce agglomerates, which are about 500 nm in size,
the particles’ contact is so intense that they become
linked together. Consequently, CB is extremely strong, electri-
cally conductive, and surface-area wise, it can resist UV
deterioration.

4.5. Fullerenes

Fullerenes (Cg) are spherical-shaped carbon molecules com-
prised of carbon atoms bound together by sp® hybridization
with single and double bonds to form a closed mesh-like
structure. With dimensions up to 8.2 nm for a single layer
and 4 to 36 nm for multi-layered fullerenes, the spherical
structure is made up of roughly 28 to 1500 carbon atoms. Since
their discovery in 1985, they have received a lot of interest due
to their chemical and thermal stability. The common properties
of fullerenes allow them to act as a semiconductor, conductor,
superconductor and they transmit light based on intensity. The
employment of these materials in energy-storage systems is
made possible by their remarkable conductivity.

4.6. Synthesis of nanomaterials

The techniques used to synthesize the nanoparticles can be
categorized as either bottom-up or top-down techniques.®*"°
Atoms, clusters, and nanoparticles are built up in a bottom-up
or constructive manner. The most popular bottom-up techni-
ques for producing nanoparticles include sol-gel, spinning,
chemical vapour deposition (CVD), pyrolysis, and biosynthesis.
Reducing a bulk substance to the nanometre-scale particles is

© 2024 The Author(s). Published by the Royal Society of Chemistry

known as a top-down or destructive approach. A few of the most
popular techniques for creating nanoparticles are mechanical
milling, nanolithography, laser ablation, sputtering, and ther-
mal breakdown (Fig. 9).

4.6.1. Bottom-up methods

4.6.1.1. Biosynthesis. In order to create nontoxic, biodegrad-
able nanoparticles, a green and environmentally friendly
often wused called biosynthesis. Instead of
using conventional chemicals for bioreduction and capping,

method is

biosynthesis creates nanoparticles using precursors and micro-
organisms, like bacteria, fungi, or plant extracts. The biosynthe-
sized nanoparticles are special and upgraded in ways that make
them useful in biomedical applications.

4.6.1.2. Chemical vapour deposition (CVD). The deposition of
a thin film of gaseous reactants onto a substrate is known as
chemical vapour deposition. Combining gas molecules allows
the deposition to occur in a reaction chamber at room tem-
perature. A heated substrate coming into touch with the
combined gas causes a chemical reaction. On the substrate
surface, this reaction leaves a thin film of product that is
collected and can be put to use. The key factor affecting CVD
is the substrate temperature. The ability to obtain high-purity,
homogeneous, robust, and hard nanoparticles are one of CVD’s
benefits. However, CVD has drawbacks too, including the
equipment requirements and the generation of very hazardous
gaseous by-products.

4.6.1.3. Pyrolysis. Pyrolysis is the technique used the most
frequently to create nanoparticles on a large scale. It calls for
the use of a flame to burn a precursor. The precursor, which
might be liquid or vapour, is introduced into the furnace under
high pressure through a small hole, where it burns. The
nanoparticles are then air categorized from the combustion
or by-product gases. Some furnaces create high temperatures
for simple evaporation by using laser and plasma rather than a

Energy Adv., 2024, 3, 341-365 | 349


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00502j

Open Access Article. Published on 05 January 2024. Downloaded on 12/4/2025 10:14:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

‘ Bulk

. —% Powder
material

Top-down
method

Sol-gel

Chemical

Pyrolysis

vapour
deposition

Biosynthesis

Fig. 9 Common synthesis methods of nanomaterials.

flame. Pyrolysis has the benefits of being a quick, easy, afford-
able, and continuous process with a high yield.

4.6.1.4. Sol-gel. A colloidal suspension of solids in a liquid
phase is known as a sol. A solid macromolecule dissolved in a
solvent is the gel. Due to its ease and simplicity with which
most nanoparticles can be synthesized, the sol-gel method is
the most used bottom-up approach. A chemical solution that
serves as a precursor for an integrated system of discrete
particles is used in this wet-chemical process. The typical
precursors for the sol-gel process are metal oxides and chlor-
ides. The precursor is subsequently mixed with the host liquid
by sonication, shaking, or stirring, resulting in a system with a
liquid and solid phase. Several methods, including sedimenta-
tion, filtering, and centrifugation, are used to recover the
nanoparticles after a phase separation, and drying is then used
to further remove the moisture.

4.6.1.5. Spinning. A spinning disc reactor produces nano-
particles using spinning synthesis (SDR). It has a spinning disc
within a reactor or chamber where the physical characteristics,
including temperature, can be regulated. The reactor is often
filled with nitrogen or other inert gases to remove oxygen and
prevent chemical reactions. Water and the precursor are
injected into the disc while it is rotating at a variable speed.
As a result of the molecules or atoms joining together due to
the spinning, they are precipitated, gathered, and dried. The
features of the nanoparticles synthesized from SDR depend on
the many operating parameters, including the liquid flow rate,
disc rotation speed, liquid/precursor ratio, location of the feed,
and disc surface.

4.6.2. Top-down methods

4.6.2.1 Laser ablation. The process of producing nano-
particles from a multitude of solvents is called laser ablation
synthesis in solution (LASIS). In this approach, a laser beam’s
condensing energy causes a plasma plume to form when it
strikes a metal submerged in a liquid solution, which results in
the production of nanoparticles. It is an effective top-down
approach that offers an alternative to the traditional chemical
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reduction of metals to synthesize metal-based nanoparticles. It
is also a “‘green” process since LASIS offers a stable synthesis
route for nanoparticles in water and organic solvents without
the need for chemicals or stabilizing agents.

4.6.2.2 Mechanical milling. The most popular top-down tech-
nique for creating different nanoparticles is mechanical
milling. While creating nanoparticles by this synthesis
approach, different components are milled in an inert atmo-
sphere. This method is known as mechanical milling. Plastic
deformation, which determines the particle shape; fracture,
which reduces the particle size; and cold-welding, which
increases the particle size, are the influencing factors in the
mechanical milling.

4.6.2.3 Nanolithography. Nanolithography involves creating
structures at the nanometre scale with at least one dimension
between 1 and 100 nm. There are numerous methods used for
nanolithography, including optical, electron-beam, multipho-
ton, nanoimprint, and scanning probe lithography. Broadly
speaking, lithography is the act of imprinting a necessary shape
or structure onto a light-sensitive material while only removing
a little amount of material to produce the shape and structure
needed. The ability to manufacture anything from a single
nanoparticle to a cluster with the desired shape and size is
one of nanolithography’s key advantages. However, its complex
equipment requirements and accompanying costs are the
drawbacks.

4.6.2.4 Sputtering. Sputtering is the process of ejecting
nanoparticles from one surface and depositing them on
another surface through particle-ion collisions. Sputtering typi-
cally involves depositing a thin coating of nanoparticles and
then annealing those particles. The size and shape of the
nanoparticles are dependent on the substrate type, tempera-
ture, and length of annealing, among other factors.

4.6.2.5 Thermal decomposition. When heat is used to
disrupt chemical bonds in a substance, thermal decomposi-
tion, an endothermic chemical decomposition, results. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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decomposition temperature is the precise temperature at which
an element begins to chemically break down, at which point the
metal is broken down into tiny particles by undergoing
chemical reactions at a certain temperature, which results in
by-products like nanoparticles.

4.7. Utilisation of carbon-based materials. Many energy-
storage technologies, including fuel cells, batteries,”
capacitors,”* and solar cells,”® have been produced so far.
Among these, a British scientist named William Grove invented
the fuel cell in 1839, which was the first energy-storage tech-
nology capable of producing a significant quantity of energy.
Grove’s method was used by the National Aeronautics and
Space Administration (NASA) to create the first fuel cell that
was employed for commercial purposes in 1960. After that,
several changes were made to enhance its capacity to produce
electricity. Thereafter, researchers have concentrated on elec-
trical energy storage and created many energy-storage technol-
ogies, like batteries and capacitors (supercapacitor). The first
electronic double-layer capacitors (supercapacitors) were devel-
oped and patented by American Oil Corporation and Standard
Oil of Ohio in the US in 1961 (SOHIO). Following that, these
devices caught researchers’ attention greatly, and notable
improvements were made in their development, ushering in a
new era in energy-storage applications. Researchers have inves-
tigated a variety of materials, including carbon-based materials,
metal oxides, composites, and hybrids, in order to further
improve the storage capacity and stability of these devices.
Carbon-based materials have many uses because of their
remarkable properties,”* as shown in the schematic representa-
tion in Fig. 10. However, there is currently a sizeable demand
for the investigation and creation of novel environmental
impact-reduction technologies, with a constant emphasis on
the use of affordable, renewable raw materials.

5. Mxene—-carbon hybrid materials
developed for supercapacitors

Research into supercapacitors has generated a lot of interest in
MXenes. However, the convenience and use of surfaces for the
storage of electrochemical energy are severely constrained by
MXene’s inherent inclination to face-to-face restack and ran-
dom aggregation, which is shared by all other 2D materials. To

© 2024 The Author(s). Published by the Royal Society of Chemistry

date, several approaches have been used to deal with the
restacking difficulty, most notably the use of additional nano-
materials as spacers in MXene films, usually carbon-based
materials, like activated carbon (AC), CNTs, conducting poly-
mers (CPs), and graphene (GO, rGO).

5.1. MXene-carbon nanotube-based hybrid materials for
supercapacitors

CNTs are 1D nanostructure materials that were first reported by
Iijima in the 1990s, and have since been extensively researched
and used as the best candidate for energy storage. They show
outstanding thermal, electrical, and mechanical properties,
with a large surface-to-weight ratio, large surface area, and
excellent capacity storage. The literature review revealed many
works that have discussed the use of materials based on CNTs
for energy storage.

For instance, L. Yang et al.”> successfully synthesized Ti;C,/
CNTs nanofilms and effectively deposited them onto graphite
paper via an electrophoretic deposition (EPD) method, as
shown in Fig. 11, and then studied the electrochemical beha-
viour. According to the authors, the composite demonstrated
outstanding cycling stability after 10 000 cycles even at a current
density of 5 A g~ ', while at a power density of 416.7 W kg ', the
energy density reached 0.56 W h kg™" (Fig. 12). The addition of
CNTs to MXene creates a strong framework that keeps MXene
from restacking and contributes to its enhanced electrochemi-
cal performance. Chen’® and co-workers fabricated a Ti;C,T,
MXene/CNTs composite for application in supercapacitors.
They demonstrated that the synthesized material showed a
high capacitance of 300 F g~ ' under a current density of
1 A g ' along with a superior rate performance of 199 F g~ *
even at 500 A g~ '. Moreover, 92% retention of capacitance was
reported even after 10 000 cycles under a high current density
(20 A g™ "), indicating the long cycle stability. The prevention of
self-restacking, fast ion diffusion, and outstanding high-rate
performance were made possible by incorporating the CNTs
into MXene. Ting Zheng et al.”’ prepared MXene/CNTs/HA
hybrid fibers by a wet-spinning method with sodium hyalur-
onate (HA) as the dispersant and examined their electrochemi-
cal properties. They found that the composite had a volumetric
capacitance of 13.95 + 2.45 F cm >, and even after 1000 charge-
discharge cycles the capacitance retention rate was 82%.
MXene/CNT Yarn was made by Zhiyu Wang et al.’® using a
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Fig. 11 Illustration of the EPD preparation process for electrode films: (a) morphology of TizAlC,; (b) morphology of m-TizC,; (c) morphology of d-TizCy;
(d) solution mixture of DI H,O and acetone with d-TizC, and CNTs; (e) EPD process; (f) sketch and photographs of d-TizC; film, TizC,/CNTs film, and
CNTs. Reprinted with permission from ref. 75. Copyright 2018, Elsevier.

biscrolling approach, and its electrochemical characteristics capacitance retention reached 80%, And it showed excellent
were examined. It was found that the composite exhibited cyclic stability over metal oxides. By preventing the stacking of
charging and discharging properties over an energy density of Ti;C,, extending the space among sheets, and enhancing the
61.6 mW h cm ™ and a power density of 5428 mW cm >, and electrical conductivity, the addition of CNTs could greatly
that the capacitance retention after 10 000 cycles at 20 mA cm >
was close to 100%. This showed it was possible to use a small TizC,. As a result, the composite materials made of d-Ti;C,
amount of supercapacitor woven into a textile to power small and CNTs had excellent electrochemical characteristics and are
electrical gadgets. Additionally, the energy-storing textile pro- extremely promising as pseudocapacitor materials. Qishan Fu®!
totype showed potential for electric integration with flexible reported the synthesis of a Ti;C,T,/SCNT self-assembled com-

improve the supercapacitive performance of delaminated

and textile-based due to its remarkable performance across posite electrode via vacuum filtration, which displayed excel-
several charge-discharge cycles and strong mechanical endur- lent electrochemical properties, with a high areal capacitance
ance. Park, Jong Woo and co-workers”® used the liquid-state of 220 mF cm 2 (314 F cm *) along with 95% capacitance
biscrolling approach to create an effective electrode material retention after 10000 cycles. They demonstrated how this
utilizing MXene/CNT and examined its electrochemical perfor- material could be used as a high-performing, low-cost energy
mance. They measured a power density of 26 mW cm > and an  collector for supercapacitors.

energy density of 100 uW h cm 2, as well as a high areal
capacitance of 1.56 F cm ™2, The biscrolling permitted increas-
ing the MXene weight fraction in the yarn while maintaining its Graphene also plays a very important role to overcome the
mechanical strength and electrical conductivity. Also, the yarn aforementioned problems of supercapacitors owing to its out-
supercapacitor could continue to function despite mechanical standing mechanical, electronic, and thermal properties. As a

5.2. MXene-graphene-based materials for supercapacitors

deformation with no performance loss. Pengtao Yan and co- result, it has become a highly promising material for the
workers®® synthesized delaminated Ti;C, sheets from MXenes creation of energy-storage devices for researchers and industry
using intercalation and ultrasonication, and utilized CNTs to alike. Graphene has a stronger intersheet van der Waals force of
prevent the sheets from aggregating, and studied the electro- attraction than CNTs, making it a more durable electrode
chemical performance of the ideal d-Ti;C,/CNT. The authors material. The main characteristics that make both materials
noticed that these electrodes showed excellent performance potential candidates for energy-storage applications include

1

with a high volumetric capacitance of 393 Fem > at 5 mV s~ '.  their large surface area, microporosity, and good electrical
1

As the scan rate increased from 5 to 100 mV s ', the conductivity.

352 | Energy Adv., 2024, 3, 341-365 © 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00502j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 05 January 2024. Downloaded on 12/4/2025 10:14:50 PM.

(cc)

Energy Advances

—
o
~—

s

~
A

P

Current density (AJg)
L=
i

Current density (A’g)

View Article Online

Review

_—
(o)
~—

Current density (A/g)

100 i 1y 100 )

09 8 07 26 05 04
Potential (V vs. Hg/HgO)

10090807 06-05-04-03 0201

09 08 07 06 05 04
Potential (V vs. Hg/HgO)

(e) Potential (V vs. Hg/HgO) (f)

P — A
~ 4 — 6“‘ | 204 20
3 =AW 1/ =
T 08 | T 1670 (T ye-
& —5Ay | @04 ) A —5Ay
. —10AY :? | T \ 0AD
06 05 : 0.6

g 5 a1

2 a7 _‘_’“ 201

g 8 o7 )

‘g-oa 8 as g8

3 g 3

(TS S LR W EN— W— 09 LYY A W v

0 20 o N 100 120 0 20 & 0 N 0 120
(g) Time (s) (h) Time (s)
" -

D40 ——CATs@Mene| “3 '1 T

=~ o CNT =10 | R ¢
LR ’ o \ oS il
8140- —— ene v ”i. ‘ ? ®

€ 1004 g \ :

2 s L) [ (NI Ty TRCAANT
o 80 on 1 TR
8. §5‘3 1 AL e AN g\
8 604 8 0 VT }

Q

< 404 g « seetsereegmaTCONTs fim | VAR JONTS 10

201 ﬁ”' o CNTaflm | | ——cTs
@ —T.C. 4 ‘ T, —o=T\C, ¥m
0 . . : . . v 10 .
0 20 40 60 B0 100 120 140 160 180 200

0 2 B 6 8 10
Current density (A'g)

0 2000 400 6000 8000 1000
Cycle number

Z' (Ohm)

Fig. 12 CV curves of (a) TizC; film, (b) CNT film and (c) TizC,/CNT film at various scan rates; GCD curves of the (d) TizC; film, (€) CNT film, and (f) TizC,/
CNT film; (g) plots of the specific capacitance of the three electrodes under different current densities; (h) plots of the specific capacitance of the three
electrodes after 10 000 GCD cycles at 5 A g~%; (i) Nyquist plots and the results fitted by the inserted equivalent circuit. Reprinted with permission from

ref. 75. Copyright 2018, Elsevier.

In this regard, N. Radha et al.®* carried out a comparative
study by synthesizing rGO/Ti;C, composite aerogel film as a
freestanding, binder-free, flexible electrode for supercapacitor
application. The authors observed that the composite material
displayed an outstanding areal capacitance of 41 mF cm 2 at a
current density of 1 mA cm ™2, Whereas a high areal capacitance
accompanied by excellent cycle stability with almost no capa-
citance loss over 1500 cycles at 3 mA cm ™ current density was
also found. Later on, Pronoy Dutta and co-workers’®® synthe-
sized a composite film through the graphene-aided gelation of
MXene, as shown in Fig. 13 and 14, and investigated its
electrochemical properties. The composite film showed a
superior excellent gravimetric capacitance of 653.7 F g~ at
2 mV s ', a very high areal value of 1442 mF cm 2, and
volumetric capacitance of ~1522 F cm >, The hybrid hydrogels

© 2024 The Author(s). Published by the Royal Society of Chemistry

exhibited exceptional cyclic stability (<2% decay over 8000
charge-discharge cycles). Due to the composite film’s intercala-
tion characteristics, supercapacitors could potentially benefit
from it. Min Zhang et al.®* fabricated a reduced graphene oxide/
MXene (RGM)-electrolyte composite film that could be used
directly as a self-supporting electrode for supercapacitors. The
composite films demonstrated a high volumetric capacity
of 454.9 F cm > at 10 mV s~ ' with a high energy density of
39.4 W h L', An outstanding rate capability of 66% capaci-
tance retention at 500 mV s~ ', and spectacular cycling stability,
as well as good flexibility and electrochemical performance at
different bending states and variable working windows. After-
ward, Qiuyan Yang, Zhen Xu and group®® synthesized a hybrid
material of MXene and graphene fibers by a wet-spinning
technique. The synthesized nanohybrid was then characterized

Energy Adv., 2024, 3, 341-365 | 353
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Fig. 13 Development scheme and structural and compositional properties of an MXene—graphene hybrid hydrogel: (a) schematic illustration of layer-by-layer
gelation via spontaneous assembly and reduction; (b) cross-sectional FESEM image of a freeze-dried hydrogel (M95G5-60) and its higher magnification image in
the inset; (c) cross-sectional elemental mapping and (d) N, adsorption/desorption isotherms, with pore-size distribution in the inset, for M95G5-60 hydrogel;
(e) XRD patterns of hydrogels with different MXene : GO wt% ratios. Reprinted with permission from ref. 83. Copyright 2020, Elsevier.
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Fig. 14 Energy-storage performance of hybrid hydrogels developed with different gelation times in a symmetric two-electrode device configuration:
(a) CV curves at 10 mV s; (b) gravimetric capacitance of MXene—graphene hybrid electrodes at different scan rates; (c) comparison of the gravimetric and
areal capacitance of a device at different mass loadings of electrodes; (d) Ragone plot showing gravimetric energies and power densities; (e) cycling
stability of M95G5-20 measured at a constant current charge discharge with a current density of 3 A g* for 8000 cycles; () EIS spectra and the inset
showing a zoomed-in high-frequency domain. Reprinted with permission from ref. 83. Copyright 2020, Elsevier.

and the authors found that the material had an excellent areal and volumetric capacitance of 372.2 mF cm™ > and 586.4 F
specific capacitance of 890.7 F cm ™ at 10 mV s~ ', and highest c¢m™> at 10 mV s~ with an energy density of 13.03 mW h cm™*

354 | Energy Adv., 2024, 3, 341-365 © 2024 The Author(s). Published by the Royal Society of Chemistry
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3. It also exhibited excellent

at a power density of 0.59 W cm™
cycling stability over 3000 cycles, indicating the great potential
of such scalable fabricated MXene fibers for applications in
portable and wearable electronics. Jun Yan et al.®® prepared a
MXene/rGO hybrid electrode film for supercapacitor applica-
tions by an electrostatic self-assembly process. The authors
noticed that the composite material displayed superb electro-
chemical properties, with an outstanding volumetric capaci-
tance of 1040 F cm ™ at a scan rate of 2 mV s~ . Additionally,
the film electrode possessed excellent cycling stability with
almost no capacitance decay after 20000 cycles. Also the
fabricated symmetric supercapacitor displayed an ultrahigh
volumetric energy density of 32.6 W h L' and a maximum
volumetric power density of up to 74.4 kW L™, hence an
increase in conductivity was observed, which suggests their
application potential in supercapacitors.

5.3. MXene-activated carbon-based hybrid materials for
supercapacitors

Activated carbon (AC), an additional superior carbon-based mate-
rial, possesses exceptional electrical conductivity and an extensive
surface area, rendering it suitable for energy-storage devices. To
optimize the electrochemical properties and ensure only a moder-
ate cost, it is crucial for the AC to possess a high surface area and a
narrow pore-size distribution. The incorporation of additional
components, such as metal oxides, conducting polymer, and other
carbon-based materials, can further enhance the performance of
AC, leading to improved energy-storage capabilities.

Lanyoung Yu and collaborators®” successfully developed an
efficient energy-storage material utilizing MXene as a flexible
and conductor binder for supercapacitor carbon electrode
fabrication, as depicted in Fig. 15. The authors investigated
the excellent electrochemical properties of this material, reveal-
ing its remarkable performance, including a high capacitance
of 126 F g ! and outstanding rate performance, with 57.9%
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capacitance retention at 100 A g~ " in an organic electrolyte, as
shown in Fig. 16. Thus, the results surpassed those of both pure
MXene and polymer-bonded carbon films, whereby incorporat-
ing AC into MXene expanded the distance between the MXene
layers, facilitating easier ion and electrolyte infiltration, thereby
enhancing the overall performance of the material.

Yapeng Tian et al® successfully synthesized materials
showing remarkable advancements in the field of high-
performance composite with freestanding and flexible TizC,T,
paper as the anode electrode, alongside flexible AC as the
electrode. The materials demonstrated exceptional improve-
ments in terms of stability, cyclability, and overall performance
with an outstanding volumetric capacitance of 250 F cm ™ at
2 mV s~ ', accompanied by a high volumetric energy density of
up to 102.8 Wh L' at 424 W L', and a first-rate cycling stability
with 122% capacitance retention even after 6000 cycles. Further, Li
Wang and colleagues® reported the synthesis of an HHK-CC
(HHK-CC = activated carbon cloth) and MXene electrode using a
simple method and investigated the electrochemical performance.
The researchers found that these materials exhibited a high
capacitance of 1033 mF cm ™ at a current density of 1 mA cm™?,
and after 1000 cycles, the capacitance was retained at an impress-
ive 94.2%. Additionally, they obtained a high power density of
0.779 W cm™ 2 at a high energy density of 4.5 yW h cm 2 Even
when assembled into a symmetrical solid-state supercapacitor, the
carbon cloth retained its flexibility and mechanical strength, dis-
playing no significant decrease in capacitance under bending and
deformation conditions.

Yue Li et al. explored the fabrication of MXene layers and
chain-like PANI by a simple hydrothermal reaction. The result-
ing materials exhibited excellent performance, boasting a high
cycle lifespan with a capacitance retention of 95.15%
after 10000 cycles, coupled with a high specific capacity of
563 F g "' at 0.5 A g ' and an excellent capacitance retention
rate of 84.72%. Further enhancing the energy density, they

Peeling off
& drying

Fig. 15 Schematic showing the process for creating MXene-bonded AC films, which involved dispersing AC particles and MXene flakes in water,
followed by a vacuum-assisted filteration, peeling-off of the excess material, and drying. Reprinted with permission from ref. 87. Copyright 2018,
American Chemical Society.

© 2024 The Author(s). Published by the Royal Society of Chemistry Energy Adv,, 2024, 3, 341-365 | 355


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00502j

Open Access Article. Published on 05 January 2024. Downloaded on 12/4/2025 10:14:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

—~
Y
-

®) ..

View Article Online

Energy Advances

20 —50A¢"
A O 120} ‘
- 75}'\9 w “
> 15 - 100Ag " -~ 100 S
P 8 sof ——
2 10 c ——
8 8 60
° I3
05 © 40
g -
( V0
00 (@)
0 A A A "
00 05 10 15 20 25 30 35 0 20 40 60 80 100
(c) Time/s (d) Current density /A g’
- 200 - 140
[} . i
o 1204 %
W -
w100 L 00}
[(}] ' Q ‘-_‘*.H_\‘
g o Q 80 g
8 8 60
S 3]
S -100 @ 40
g g
© e 10 MW § e 1000 MV §=—— 3000 20
O -200 100mV s 2000 mV 5 4000 m O 0 ) ) )
00 05 10 15 20 0 1000 2000 3000 4000
(e) Voltage / V (f) Scan rate / mV s-1
9 |oo! 00—
| c .
r — | 0 B0 @@ 0.0 0B . o)
— 10 ., A
s [ 9 z
~ : . 2
2 1 Q
c | @ |
[} ' e
o 0.1} S
5 | g 25,
@ 001} ) ) a 0 :f‘.’ol:;ﬁ;‘: v
ﬁ 0.1 1 10 100 8 L4 2000 4000 LU U0 10000

Power density / kW kg~

Cycle number

Fig. 16 Electrochemical performance testing results for an AC/MXene-2:1 film. (a) V-T curves at higher current densities. With a very tiny voltage drop,
the AC/MXene-2:1 film could survive rapid charge—discharge at a current density of 100 A g~*. (b) Rate capabilities: the AC/MXene-2 : 1 film presented
first-rate performance with a capacitance of 71 F g~ at 100 A g % (c) CV curves: the CV curves of the AC/MXene-2 : 1 film could maintain rectangle-like

characteristics even at an ultrahigh scan rate of 4000 mV s~*

. (d) Capacitance at different scan rates: the AC/MXene-2:1 film presented a high

capacitance of 73.8 F g~ at 4000 mV s, (e) Ragone plots: the AC/MXene-2:1 film could output an ultrahigh power density of 207 kW kg~* with a

maximum energy density of 17.5 W h kg~ (f) Cyclic performance at 10 Ag~*

. The inset in (f) shows the CV curves at a scan rate of 20 mV s ! at the initial

cycle and after 10 000 cycles at 10 A g~*. The capacitance retention of the AC/MXene-2:1 film was as high as 92.4% after 100 000 cycles at a current
density of 10 A g~%, indicating good cyclic stability. All the data are based on the total mass of the AC/MXene-2:1 film.

developed an asymmetric supercapacitance based on MXene/
PANI hybrids as a positive electrode and active carbon as
the negative electrode, accomplishing an energy density of
22.67 W h keg™" at a power density of 0.217 kW kg~ ". These
aforementioned studies contribute significantly to the field of
supercapacitors and demonstrate great promise for upcoming
energy-storage applications.

5.4. MXene-conducting polymer-based hybrid materials for
supercapacitors

Conducting polymers have also attracted significant attention
in the area of supercapacitors owing to their good intrinsic

356 | Energy Adv, 2024, 3, 341-365

conductivity. Among the most extensively studied conducting
polymers are polyaniline (PANI), polypyrrole (PPy), polythio-
phene (PTh), and poly(3,4-ethylenedioxythiophene) (PEDOT).
Conductive polymers are typically conductive under many dop-
ing conditions, as they possess a narrower band gap (1-3 eV)
than typical polymers (10 eV). Moreover, these polymers have
different morphologies, particular doping/undoping beha-
viours, and relatively quick charge and discharge capabilities.

Ke Li, Xuehang Wang et al°' fabricated a highly
efficient PANI@MXene positive electrode as illustrated in
Fig. 17 and 18, and the authors found that it had exceptional
volumetric capacitance, reaching 1632 F cm ™ ® at a scan rate of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Schematic showing the preparation of a compressed PANI@M-TizC,T, electrode and its corresponding morphology: (a) TizC,T, flakes and PS
spheres are added to form a uniform colloidal solution, (b) a freestanding TizC,T,@PS film is obtained through filtration, (c) a 3D M-TizC,T, film is
obtained using the annealing process for eliminating the PS spheres, (d) PANI solution is dropped onto 3D PANI@M-TizC,T,, dried, and then shaped into a
3D PANI@M-TizC,T,, (e) a compressed film of PANI@M-TizC,T, film is obtained, and finally (f) PANI is deposited on the two surfaces of TizC,T,. SEM
cross-sectional pictures of (g) TizC,T,@PS, (h) 3D M-TizC,T,, and (i) 3D PANI@M-TizC,T,. (j) Energy dispersive X-ray spectrometry mapping of 3D
PANI@M-TizC,T, film. (k) TEM images of 3D PANI@M-TizC,T,. () Compressed PANI@M-TizC,T, film Cross-sectional SEM image. Reprinted with

permission from ref. 91. Copyright 2019, John Wiley and Sons.

10 mV s~ ', with remarkable capacitance retention, maintaining
827 F cm ® even at high scan rate up to 5000 mV s '
Additionally, they synthesized an asymmetric device utilizing
PANI@MZXene as the cathodic and MXene as the anodic,
resulting in an impressive energy density of 50.6 W h L™" and
a power density of 127 kW L™ ". Further, Chao Zhang and
colleagues®® developed a hybrid combining MXene and poly-
pyrene, which exhibited great potential in planar supercapaci-
tor applications. They demonstrated that the hybrid material
displayed a superior areal capacitance of 109.4 mF cm > in
2 M H,SO, and 86.7 mF cm 2 in PVA/H,SO, at a current
density 1.05 mA cm > with excellent areal energy density of
3.398 pW h cm ™2 at a power density of 0.0845 mW cm > and
2.028 pW h cm ™2 at a high power density of 0.338 mW cm 2.
Moreover, the hybrid material exhibited excellent cycling sta-
bility with 96% capacitance retention after 10 000 cycles. After-
wards, Li-Ge Gong et al.’® fabricated a hybrid composite
comprising covalent polymer chains and ethylenediamine

© 2024 The Author(s). Published by the Royal Society of Chemistry

acting as MXene {AIW;,0,0} hybrid composite, and thoroughly
investigated the electrochemical performance of the composite
material for energy storage. Their findings revealed that the
composite material exhibited an outstanding specific capacity
(625.99 F g ), along with high retention ability (95%) even
after 5000 cycles. It also displayed a maximum energy density of
6.32 W h kg™ " at a power density of 237 W kg™ ", highlighting its
remarkable energy-storage capabilities. Afterward, Muhammad
Boota et al.®* fabricated CP@rGO//MXene; whereby they depos-
ited conducting polymers (CP), including PANI, PPy, and
PEDOT, onto rGO sheets via oxidative polymerization. The
resulting composite materials showed excellent stability with
a good cyclic ability, i.e. 88% retention after 20000 cycles.
Moreover, the PANI-containing asymmetric devices demon-
strated a high power performance, considerable energy density,
and the ability to operate within a voltage window up to 1.45 V.
Notably these devices achieved a high energy density of approxi-
mately 17 W h kg™, ranking among the highest reported for

Energy Adv, 2024, 3, 341-365 | 357
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Fig. 18 Compressed PANI@M-TizC,T, electrode electrochemical performance. (a) Cyclic voltammetry profiles of the PANI@M-TizC,T, film at 10, 20,
50, 100, 200, 500, 1000, 2000, 3000, and 5000 mV s~* with 40 wt% PANI (total mass loading of 0.16 mg cm™2). (b) Volumetric capacitance tests, where

the rate performance of PANI@M-TizC,T, films at various mass loadings is

depicted. (c) PANI@M-TizC,T, film (0.16 mg cm?) galvanostatic charge—

discharge curves at high current densities. (d) PANI@M-TisC,T, films' b-values for various mass loadings calculated using the maximum discharge current
value at a scan rate between 10 and 10 000 mV per second. (e) Hatching regions of the CV profiles of the PANI@M-TizC,T, film (0.16 mg cm™2) obtained
at10 mvV st representing the current contributions from the surface capacitive. (f) PANI@M-TizC,T, film's (0.16 mg cm™2) electrochemical impedance
spectroscopy results obtained at various potentials. Reprinted with permission from ref. 91. Copyright 2019, John Wiley and Sons.

both MXene-based and PANI-containing asymmetric devices.
This breakthrough paves the way for integrating various nano-
structured CPs with a wide range of readily available MXenes as
anode and cathode materials, which can enhance the energy-
storage functionality of devices. Subsequently Wenyu Shao and
co-workers®® prepared a PET@MXene NCY hybrid material and
investigated its electrochemical properties. The hybrid material
exhibited an outstanding specific capacitance of 18.39 mF cm >
at 5 mV s~ ' while also demonstrating good mechanical proper-
ties. Furthermore, the hybrid material displayed superior
cycling stability, with a capacitance retention of 98.2%
after 6000 cycles and showcased a power density of up to
0.39 mW cm 2 at an energy density of 0.38 uW h cm ™2, with
its outstanding characteristics positioning the hybrid material
as a promising candidate for supercapacitor application. By
using additional active materials, like graphene, conducting
polymers, and others in the nanofibers spinning solutions,
these stated values could even be enhanced.

5.5. MXene-carbon fiber hybrid materials for supercapacitors

Carbon fiber materials made from natural biomaterials have
attracted a lot of attention because of their enormous scale, low
price, superior electrical conductivity, and advantages for the
environment. Sun et al.’® have fabricated a hierarchically
porous ‘skin/skeleton”-like MXene/CF for a heterostructure
using a single-step pyrolysis of CFW impregnated via MXene
solution. They studied the electrochemical properties of the

358 | Energy Adv., 2024, 3, 341-365

electrode and found it exhibited impressive cyclic stability with
99.8% retention after 5000 cycles, a volumetric capacitance of
7.14 F em 3, and 63.9% retention in capacitance from 0.5 to
100 A g~ together with extended durability and good flexibility.
Even after 2500 cycles at various bending angles, the electrode
exhibited an impressive cyclic stability, whereby the device still
maintained a stable capacitance and structural integrity. In a
different study, Liyuan Qin and co-workers®” developed flexible
CNF/MX hybrid aerogels using a liquid nitrogen-assisted uni-
directional freezing methodology. The synthesized composite
displayed enhanced stability and capacitance, marking it as a
top choice for supercapacitor applications. The specific capa-
citance of the electrode exhibited remarkable performance by
maintaining 80% of the capacitance as the current density was
raised from 1 to 100 A g~ %, and a capacitance retention of 90%
could be sustained even after an extensive 20000 cycles at
5 A g~ ' It also displayed an outstanding rate capability and
cycling stability, accompanied by an impressive strain capacity
of 95% for 500 cycles. Additionally, it exhibited long-term
durability with sustained enlargement at 50% strain for at least
5000 cycles. Consequently, Ariana S. Levitt et al.°® used the
electrospinning method and fabricated Ti;C,T, MXene/carbon
nanofiber electrodes; whereby MXene flakes were combined
with carbon nanofiber to create freestanding, highly surface-
area abrasive particles, and then examined their electrochemi-
cal performance. The synthesized composite materials showed
a high areal capacitance of up to 205 mF cm ™~ at a scan rate of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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50 mV s ', thus exhibiting versatility for various applications,
including filtration, adsorption, and electrocatalysis, where
desirable properties such as a high aspect ratio, accessible
surface area, and porosity are crucial.

Another important kind of carbon is fullerene, in which the
carbon atoms are intricately interconnected through both
single and double bonds forming a cohesive mesh-like arrange-
ment. Due of their chemical and heat resistance, fullerenes
have attracted significant attention since their discovery in
1985, with their excellent conducting qualities making it pos-
sible for them to be used in energy-storage systems. Table 1
provides a thorough analysis of several MXene-carbon-based
materials with regard to their performance and application
(Fig. 19).

6. Summary and perspectives

Supercapacitors have received significant attention among the
different energy-storage solutions due to their unique attri-
butes, including rapid charge-discharge, excellent power den-
sity, and excellent cycle life compared to many others. The
present review deals with MXene and carbon-based materials
for SCs. Even though MXenes come with a number of chal-
lenges, this new generation of MXene-carbon based materials
is nevertheless advantageous due to their remarkable thermal,

360 | Energy Adv, 2024, 3, 341-365

electrical, and mechanical properties, making them particularly
intriguing for electrochemical energy-storage applications in
supercapacitor technology. In this review, the latest progress of
MXene-carbon-based materials in SCs were comprehensively
summarized. First, the fundamental principles of supercapaci-
tors, such as the types, mechanisms, and advantages, were
introduced. Subsequently, MXene-carbon hybrid nanocompo-
site synthesis methods, competitive features, etc. were intro-
duced. Finally, the challenges and perspectives of MXene-
carbon-based materials in supercapacitors was proposed.
Works to improve the energy-storage performance of
MXene hybrid are still in progress. Relevant works show an
obvious improvement in performance trend year by
year. Although much work has been carried out in this field
already, there are still many challenges limiting the commercial
applications (Fig. 20). Some major future goals have been taken
out from this current audit and shown below instead for
reference.

e The current synthesis of MXenes uses HF etchant, which is
harmful to human beings and the environment, hence design-
ing safer etchants and environmentally friendly techniques are
important for the scalable production of MXenes.

e With the standardization of MXene characterization
routes, the improved understanding will benefit the develop-
ment of flexible MXene materials for realizing satisfactory
electrochemical performance towards practical applications.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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e Crucial for flexible MXene-based materials operating at
extreme conditions, like high/low temperature, lean electrolyte
addition, high area mass loading, etc. is a detailed understand-
ing of the electronic, optical, magnetic, and quantum confine-
ment effects on the performance of MXene-based devices.

e A holistic evaluation should be adopted in designing
flexible MXenes, and transparent and miniaturized MXene-
based supercapacitors by understanding the surface chemistry,
tunability, and interlayer structures.
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