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Abstract: MXenes belongs to a family of two-dimensional (2D) layered transition metal
carbides or nitrides which shows outstanding potential for various energy storage applications
because of their high-specific surface area, phenomenal electrical conductivity, outstanding
hydrophilicity, and variable terminations. Of these different types of MXenes, the most widely
studied member is TisC,Tyx especially in supercapacitors (SCs). However, due to the problem
of stacking and oxidation in MXene sheets, significant loss of electrochemically active sites
happens. To overcome these issues, incorporation of carbon materials is carried out into
MXenes for enhancing its electrochemical performance. This review aims to introduce various
common strategies employed in synthesizing TisC,Ty, followed by a brief overview of latest
developments in fabricating TisC,Tx/carbon electrode materials for SCs. The composition of
TisC,Ty/carbon are summarized based on different dimensions of carbons, such as 0D carbon
dots, 1D carbon nanotubes and fibers, 2D graphene, and 3D carbon materials (activated carbon,
polymer-derived carbon, etc.). Further, this review also aims in highlighting several insights
on fabrication of novel MXenes/carbon composites as electrodes for application in SCs.

Keywords: capacitive energy storage; MXene/carbon composites; supercapacitors; synthesis
process

1. Introduction

Energy is required for accomplishing every day’s task. Presently, fossil fuels
including oil, coal, natural gas accounts up to 80% of the total energy which adds to
severe environmental pollution [1-3]. Thus, for maintaining a balance between
sustainability of environment and growth of economy, wide number of articles are
being published for the development of sustainable and clean energy conversion
storage systems, e.g., metal-ion batteries fuel cells, capacitors and supercapacitors
(SCs) [4-10]. It is highly noticeable to mention that because SCs possess superior
power density (10 kW/kg) and longer cycle stability (> 10°cycle times) as compared
to batteries, it thus helps them contributing in the areas where rapid charge—discharge,
high-specific power is needed [11,12]. So, the diverse applications of these energy
storage devices among various fields, such as electric vehicles, electronics, smart grid
technologies and aviation have attracted their attention in the past few decades [13,14].

The classification of SCs is carried in two different categories based on their
mechanism of charge storage. Out of which one is known as electric double-layer
capacitors (EDLCs), in which the charge is stored physically at the interface of
electrode—electrolyte via the phenomena of electrostatic attraction, which thus
accounts for its superior power density [15]. For EDLCs, the most widely used
electrode material is carbon-based as it possesses outstanding specific surface area for
adsorbing the electrolyte ions, excellent electron conductivity, and outstanding
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stability [16-18]. However, they deliver comparatively poor energy density and lesser
volumetric capacitance than batteries due to low mass density of carbon [19]. The
second category is known as pseudocapacitor, which involves storing charges through
fast redox reactions at electrode-electrolyte interface, presenting higher energy density
with lower cyclic stability and poor rate capability [20]. The most widely used
materials for pseudocapacitors are transitional metal oxides/carbides, conducting
polymers etc. [15,17,21-23]. It has been seen that different pseudocapacitive
behaviors are resulted from the occurrence of varied faradaic processes which are
classified as: underpotential deposition pseudocapacitance, redox pseudocapacitance,
and intercalation pseudocapacitance [24,25]. Among these, reversible intercalation
and deintercalation happens within the layered structured electrode materials in the
intercalated pseudocapacitance [26,27]. To obtain the benefits of EDLCs with
pseudocapacitors, researchers are on the pathway of developing hybrid SCs by
integrating different combinations of materials in both the electrodes [28,29].

In SCs, the overall performance of the device is dictated by the type of electrode
material used [30]. Till now, the challenges which are successfully addressed by the
researchers in supercapacitor technology via different electrode materials are (i)
enhancing their energy density while keeping the superior-power capability, (ii)
reduction in cost with minimization in process complexity involved in manufacturing
of electrodes materials, and (iii) improving their cyclic stability and life span [15,31].
In 2011, MXene is discovered in 2011 with a layered structure of two-dimensional
(2D) transition metal carbides/nitrides (Mn+1XnTx), €xhibiting greater specific surface
area, higher power density, excellent electric conductivity, hydrophilicity, and
functionalized surfaces [32-35]. Due to their accessibility to ions at 2D-layered
structure and functionalized surface, MXenes can deliver capacitance through EDLC
and pseudocapacitive phenomena, whereas in the latter method, pseudocapacitance
contributes through intercalation as well as redox reactions [36—-38].

The expansion of interlayer spacing in MXenes can be further enhanced by
interacting with various ions, small molecules, and polymers [39-41]. This expansion
in MXenes results in increased ion transport channels and decreased ion diffusion
resistance, which leads in improving the overall electrochemical performance [41-44].
Moreover, MXenes also possess flexible mechanical properties, that helps them to
show applications in forming binder-free and flexible electrodes [45]. Thus, MXenes
has a great potential to serve as an electrode material in SCs, leading to increase in the
number of publications for research articles on MXene-based SCs since 2013 [46,47].
Among various family members of MXenes, the most widely used one is TisC,Ty,
which involves the etching of Al from TisAIC; [41,48,49].

However, for practical applications, there are some challenges which are faced
by MXenes as they are more viable for restacking and self-oxidation [34]. For
instance, in TisC2Tx MXene which has a layered structure obtained from etching of
MAX precursor, it is important to maintain a specific layer spacing for ensuring that
it should have larger specific surface area and greater electrochemically active sites.
However, because of van der Waals forces, restacking happens between the individual
MXene sheets, which leads to a poor accessibility of surface area and degradation in
its capacitive performance [34,50]. Moreover, when there is a reaction between
MXene and surrounding air or moisture, self- oxidation occurs which leads to
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degradation in the performance of MXene with time. When water and air come in
contact with TisC,Tx, nonconductive TiO2forms due to the interaction of surface Ti
atoms with oxygen or H.O, thus reducing the electrical conductivity and capacitive
active sites, leading to worsening of electrochemical performance [35-37]. Further, in
SCs, when MXenes are used as an electrode material, they came across a number of
challenges including severe self-discharge and a limited potential window etc. From
literature, it has been anticipated that these issues still need to be addressed and
investigated [39,51,52].

To mitigate the concern of restacking in MXenes, researchers are actively trying
to break the restacked sheets through ultrasonication, which involves the introduction
of repulsive forces between layered sheets by modifying its surface, or growing
nanosheets of MXene vertically by aligning them with the substrate [26-32].
Nevertheless, even by maintaining the electron transport channels, there will be a
decrease in its capacity per unit area [35-37,53]. So, the introduction of conductive
spacers such as porous carbon, metal oxides/hydroxides/sulfides, conductive polymers
can act as a powerful strategy in MXene nanosheets layers. This will not only prevent
restacking but also helps to lead continuous electron transport channels with additional
capacitance. Because of higher electron conductivity, greater surface area, excellent
flexibility of carbon based materials, they are the most widely used as an electrode
material. Thus, combining varied dimensions of carbon materials with MXene sheets
can help in mitigating the issue of restacking. Apart from this, another benefit which
carbon brings is to provide shielding against oxidation to some extent to MXenes. It’s
been seen from one of the research projects that on one side, it has been seen that
carbon shows higher resistance to oxidation and thus helps in curbing the oxidation
rates in MXenes. Whereas, on the other side, a protective layer can be formed by
carbon on MXene surface for preventing oxidants e.g., contact of oxygen and water
with MXene, thus reducing the occurrence of these oxidation reactions. Till date,
several carbon materials are combined with varied carbon dimensions, such as zero
dimensional spheres, one dimensional nanofibers or nanotubes, two-dimensional
graphene nanosheets, and three-dimensional porous carbon materials are incorporated
as spacers in MXene electrodes for achieving a phenomenal capacitive performance
[54-56].

The following section of this review aims firstly to describe what MXenes are
and then to illustrate its production methods. Further, this paper targets on giving a
thorough summarization on designing and synthesizing hybrid MXene/carbon
materials, along with their applications in SCs as depicted through Figure 1. Keeping
the most widely researched TisC,Tx MXene and carbon materials in mid, the
classification of TizC,T,/carbon is according to the dimension of carbon used is shown
in Figure 2. The reason of incorporating carbon materials, including graphene, carbon
nanotubes, or carbon dots is that they help in improving the electrical conductivity of
synthesized MXene composites. These carbon materials have property of acting as a
conductive scaffold thus allowing more efficient transportation of electrons, that
tremendously improves the rate capability and cycling stability of the composite
material. The higher surface area and hydrophilic nature of MXenes are complemented
by the high conductivity of carbon materials. This hybrid thus enhances the overall
capacity and stability of the synthesized material. As Carbon nanotubes (CNTSs),
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possesses excellent mechanical strength, it helps in stabilizing the layers of MXene
and preventing the issue of restacking, thus enhancing its long-term stability.
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Figure 1. Improvement in the electrochemical performance of MXene/Carbon
composites.

Figure 2. MXene hybrids with varied sizes of carbon as an electrode material.

With carbon materials, MXene composites gather more electrochemical active
sites which means the number of charge storage sites available for ions transportation
has increased. This output is highly beneficial for energy storage devices such as
supercapacitors and batteries, where greater ion diffusion and higher surface area are
vital for improving the overall performance. Moreover, carbon materials cycle
stability also helps in mitigating the issues related to MXene degradation while
cycling, such as the oxidation of the surface. The stability of carbon enhances the
mechanical integrity of the composite, helping to maintain its structural integrity and
prevent the loss of active material during repeated charge/discharge cycles.
Ultimately, the developmental trajectory and challenges in the path of MXenes/carbon
composites as electrode materials are presented to show their valuable insights and
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guidance for future research endeavors. The novelty of the presented work is that the
combinations of MXene with different forms of carbon (0D, 1D, 2D, 3D) for energy
storage devices is achieved by tailoring the dimensionality and structure of the carbon,
for creating a diverse set of composites, each optimized for specific electrochemical
performance characteristics.

2. Literature survey

MXenes (Mn+1XnTx), belongs to a structural family of two-dimensional layered
carbides and nitrides, which are selectively etched by removing elements of A-layer
from ternary MAX (Mn+1AXn) precursor using HF-containing solutions. In MAX, M
signifies transitional metals including Ti, Mo, Nb, V, Cr, Zr, Ta, etc., A denotes the
Group 1A or IVA elements from the periodic table, X can have the possibility of
belonging to carbon and/or nitrogen domains, and n can have the value from 1 to 4
[53,57]. In Figure 3 periodic table has been illustrated showing the elements which
are experimentally used towards the preparation of MXenes [37]. It has been seen that
the adjustment in the properties of MXene either physically or chemically cannot be
done by the M and X elements only but also depends on its number of layers. When
value of n varies from 1 to 4 in the MAX precursor, the corresponding resulted
MXenes have 3, 5, 7, or 9 atomic layers. These layers thus points to MoXTy, M3X;Tx,
MaX3Tyx, and MsXaTy, respectively, where surface terminations are denoted by Ty
which originates when A elements are removed while etching [35,36,43].
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Figure 3. Contribution of the highlighted elements towards MXene preparation.

Because of 2D structures and functionalized surfaces accessibility to ions for
abundant redox centers, there is a guarantee of higher energy densities and excellent
rate performances in these materials. MXenes since belongs to 2D family also meet
the needs of being a potential candidate to serve as an electrode material for both
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EDLCs and pseudocapacitors [36]. The pseudo capacitors store charges by the process
of ion intercalation and deintercalation between MXene layers. The redox reactions
contribute towards the reason of pseudocapacitance. Till now there are more than 30
varieties of MXenes which have been successfully synthesized, out of which only
titanium carbide is widely studied MXene by removing Al selectively from its TisAIC,
precursor for energy storage applications [49]. This is because TizC,Txpossesses high-
rate capability, greater specific capacitance, excellent metallic conductivity (up to
10,000 S/cm), and premium cycle stability [58]. For instance, TizC.TxMXene presents
a volumetric capacitance of greater than 300 F/cm?, which is higher than carbide
derived carbons, activated graphene, graphene gel films in agueous, and organic
electrolytes [59-62]. However, it has seen realized that the different synthesis routes
for TisC,Tx directly affects the generation of surface functional groups, sheet size,
spacing between its layers, and energy storage value [61]. So, it is vital to find effect
of these synthesis methods on physical, chemical, and electrochemical performances
of fabricated TizC,Tx.

2.1. Different methods to fabricate MXene (TizC2Tx)

The categorization in the synthesis methods of TisC,Txare carried into “bottom-
up” and “top-down” methods as shown in Figure 4.
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Figure 4. lllustration of bottom-up and top-down approaches for successful
synthesis of MXene.

The bottom-up approach involves synthesizing MXene thin films from small
components whereas in top-down approach, MAX precursor exfoliation is carried out.
The bottom-up strategy is more controlled which involves the generation of MXene
epitaxial films with few layers. For instance, MXene thin films are produced through
the method of chemical vapor deposition (CVD). In this process, substrate and MXene
precursor are heated at a specific temperature, resulting in the decomposition of
precursor to desired MXene species. These species are then deposited on substrate
surface to prepare thin films. In CVD technique, high purity products are produced
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with definite functional groups as it is a fluorine-free method [37]. However, the
drawback in bottom-up approach is that the output is low, and the process is tedious.
Further, in the top-down method the etching of 3D TisAlC; accounts in forming
accordion like structure or flaky 2D TisC,Tx films, whereas bottom-up strategy yields
to few-layer TizC, Ty thin films directly using CVD [52]. The step-by-step guide to the
synthesis of MXene through both these processes is depicted in Figure 5a,b. In this
section, most of the discussion is carried in detail about the etching agents for the
preparation of TisC,Txas most of the synthesis is done through “top-down’ methods.
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Figure 5. (a) Step and step illustration of top to bottom approaches for successful preparation of MXene; (b) step and
step illustration of bottom to top approaches for successful preparation of MXene.

2.2. Etching MAX precursor using HF

The most widely studied and earliest method used for the synthesis of MXene
from MAX precursor is etching with HF [63]. Research carried by Naguib et al.
[47,64] showed the successful preparation of multilayer MXene from TizAlIC; MAX
precursor by utilizing 50% HF for 2 h at room temperature. Equations (1)—(3) show
the reactions involved in its synthesis [64]. After etching, sheet like 2D MXene powder
is produced in which different layers connect to each other through van der Waals
forces and hydrogen bonds. The deionized water is then used to wash off the residual
acid followed by vacuum drying.

TisAIC, (s) + 3HF (aq) — TisCa (s) + AlFs (aq) (1) + 3/2H. (g) (1)
TisCz(s) + 2HF (aq) — TizCaF2 (s) + H2(Q) 2
TisCz () + 2H20 (1) — TisC2(OH)2 (s) + H2(g) (3)

Similarly, MXene synthesis has been successfully shown by Naguib et al. [65]
by mixing 2 g of MAX (TisAlIC; (400 mesh)) with 400 mL of HF. From his study on
XRD patterns, it has been anticipated that in exfoliated 2D TisC,Tx layers, Ti atoms
are exposed forming hydroxylated TisC,(OH). and fluorinated TisC,F.. The accordion
shape of TisC,Tx is also proved from the scanning electron microscope (SEM) image
[64]. Further, the effect of delamination and varied etching agents has been shown by
Alhabeb et al. [66] on the synthesis of TisC,Tx. It has been shown in their study that
for etching Al from MAX phase 5 wt% of HF solution is sufficient however, for
achieving accordion like structure, minimum concentration of HF should be 10 wt%.
Nevertheless, the greater usage of HF in these experimental processes strives towards
greater health risks because of its corrosive nature and strong odor. Moreover, because
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of this the synthesized Ti;C,Tx possess various defects, which results in instability of
its structure.

2.3. Etching MAX precursor using acid/fluoride

To mitigate the issue of using HF directly, researchers are trying to etch A layer
from MAX precursor by mixing strong acid with fluoride salt. Fluoride salts involve
LiF, NaF, KF, NH4HF,, KHF;, NaHF,, and NH4F, and strong acids include HCI and
H»S04[47,65,67,68]. Presently, the widely explored etching agent is a solution of HCI
and LiF. The equation showing this reaction is as follows:

LiF (aq) + HCI (aq) — HF (aq) + LiCl (aq). 4)

In one of the studies shown by Ghidiu et al. [66], LiF is dissolved as an etching
agent in a 6 M HCI solution. To this salt mixture, the addition of TisAlC,; MAX was
performed gradually, and the temperature of this solution was maintained at 40 °C.
The precipitation thus formed went under filtering and washing repetitively with
deionized water. In this state, the deposit that was fabricated has a clay like appearance
which allows it to be rolled either to a free-standing film or into various other shapes
[66]. The results of X-ray diffraction (XRD) patterns showing the effect of LiF-HCI
etchants on before and after had proved to turn TisC,Tx to TisCoF,. Like the HF
etching, the proportion of adding LiF into HCI also played a major role in maintaining
the structure and size of TisC,Tx. Further, one more benefit of using LiF salt is that
cations such as Li*, Na*, K*, and NH4* can be easily intercalated into MXene layers
for expanding its layer spacing. This enhancement in the spacing of MXene layers
allows the accessibility of higher redox active sites for promoting the ion transport rate
and increasing its capacitive performance volumetrically. Also, with this approach,
any major damage to the structure of TisC,Txshould also be prevented.

2.4. Etching MAX precursor using alkali

Concerning about safety and pollution of the environment, researchers are
devoting their valuable time towards finding HF-free etching agents [47,65,67] It has
been discovered that a concentrated sodium hydroxide’s deoxygenated solution have
the tendency of etching TisAlC; through the processes as shown in the following
formulas:

TisAIC, (s) + OH™ (aq) + 5H,0 (1) — TisC2(OH): (s) + AI(OH)4 (aq) + 5/2H2(g) (5)

TisAIC, (s) + OH™ (aq) + 5H20 (1) — TisC20:2 (s) + AI(OH)4(aq) + 7/2H2(g)  (6)

Xie et al. [69] used NaOH solution for immersing large pieces of MAX precursor
for the surface treatment, followed by treating it with H.SO4 hydrothermally for
obtaining TisC, layers terminated with hydroxyl groups. Thus, Table 1 briefly
summarizes the etching conditions and capacitive results of fabricated TisC,Ty from
the usage of different etching agents.
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Table 1. lllustration of MXene performance in different etching solutions as an electrode material.

Electrode Etchant Mass loading Specific capacitance Scan rate Capacitance retention

material solution (mg/cm?) (F/lcm3) (mV/s) (%0) References
TisCaTx HCI/LIiF 1.85 910 3 100 [66]
d- TisCaTx HF 1.296 520 3 100 [70]
'lﬁi?CHz ;‘XOO' HF - 517 1 99 [71]
TisCaTx NaOH 8.476 511 2 89 [72]
TisCaTxhydrogel HCI/LiF 53 1500 2 90 [73]
TisC2Tx hydrogel HCI/LiF - 226 2 97 [74]
TisCoTx HF/HCI 1 1200 5 [75]
TisCaTx HF/HCI 12 649 5 99 [62]

2.5. Etching MAX precursor using molten salt

Recently, MAX phase etching has been registered through a new procedure
following molten salt [37]. Li et al. [76] etch TisAlC, using a mixed ZnCl,/NaCl/KCl
molten salt system under an atmosphere of nitrogen. For MAX phase, ZnCl.is used as
an etchant together with the bath formation of molten salt comprising NaCl + KCI
because of its lower melting point. In this process, Zn?" ions reaction occurs with A
atoms of the MAX phase which replaces these lattice sites of A-layer elements leading
to fabrication of new Zn-MAX phases. The interlayer Zn atoms are subsequently
removed by excess ZnCl; from Zn-MAX phase, resulting TisC,Cl, MXene. The
description of above etching process is depicted below:

TizAIC, + 3/2ZnCl, — TisZnC,+ 1/2Zn + AICIs. (7) TisAlC, + ZnCl, — TizC,Clo + 2Zn. (7)

Since, a wider etching and more safety is offered by nonaqueous molten salt
solution, it was thus synthesized at an early stage and needs further deep research on
its impact on physical and chemical properties of the synthesized MXene such as
electric conductivity, hydrophilicity, and mechanical properties etc.

2.6. Other alternatives for MXene synthesis

In an electrochemical etching method, MAX phase is treated with a specific
voltage, that works as a working electrode. Sun et al. [77] in their study chose titanium
aluminum carbide (Ti.AIC) as a working electrode, silver/ silver chloride (Ag/AgCl)
as reference and Platinum as the counter electrode under a three-electrode system
along with hydrochloric acid as an electrolyte. It has been discovered from this
research when etching was performed electrochemically at a working voltage of 0.6 V
vs. Ag/AgCl few of the titanium elements got eliminated, along with the formation of
carbide-derived carbon (CDC) both of which helped in hindering the further etching.
Although the process of electrochemical etching operates at lower temperature with
low energy consumption, but the formation of CDC layers on MXene restricts its
etching process with lower output [77]. Hence with this method, large-scale
preparation of MXenes is highly unstable.

Afterwards, Halogen has also been introduced as a new alternative to an etchant.
Shi et al. [78] synthesized accordion-like TisCalx by utilizing I, for etching TisAIC, at
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100 °C in an anhydrous acetonitrile (CHsCN). Additionally, it also has been
considered that the mechanical, electrical and magnetic waves are used for etching of
layered ternary precursors. In one of the research projects carried by Yang et al. [79],
the usage of fluorine-free etching method is demonstrated in which anodic corrosion
of TisAlIC; is conducted in an aqueous binary electrolyte solution of 1 M NH4CI and
0.2 M tetra- methylammonium hydroxide having pH > 9. This technique showed
chances of mono or bilayer MXene (Ti3C,Tx) nanosheets production under five hours
of secured etching environment. Further, it has been illustrated from Zhang et al. [80]
study that a large-scale synthesis of few-layer TisC,Tx powders were carried by
employing liquid-based flocculation methods. This method has considerably limited
the preparation time along with improving the output of resulting few-layered MXene
powders. Thus, the method of liquid-phase flocculation holds a great importance in
MXene synthesis.

3. Methods of fabricating MXene composites with varied sizes of
carbon as an electrode material for supercapacitor applications

Excellent mechanical, thermal and chemical stabilities, higher porosity, and great
conductivity shown by carbon-based materials make them a versatile candidate to be
used as an electrode material [57]. As Carbon have tons of functional groups present
on their surface, it allows them to form various covalent bonds or van der Waals force
bonds with different guest substrates [81-84]. Thus, it is extremely useful if
MXene/carbon composites are fabricated as electrodes in supercapacitors [24,54].
Thus, in the below sections, composites of TisC,Tx/carbon are carefully introduced
according to the varied dimensions of the carbon materials. The performance shown
by TisC,Tx/carbon electrodes in recent years for SC applications is illustrated in the
following sections. Few more research articles are included for comparison in the
Table 2 illustrating the improvement in the performance of MXene by synthesizing
its composites with varied sizes of carbon.

Table 2. Electrochemical performance comparison of MXene with different dimensions of carbon.

. - . - Energy Power
. Carbon  Specific Rate Capability Cycling Stabilit . .
Material Size Cl;pacitance (F/lg) (1A/g) b v (abgter lgOOO cyclzs) Density Density References
(Wh/kg) (W/kg)
0
Bare MXene (TisC2) 256 68% 85% after 1000 25 650 [81]
cycles
MXene-Carbon o 90% after 1000
Nanodots (CND) oD 330 70% cycles 30 700 [83]
MXene-Carbon o 95% after 1000
Nanotubes (CNT) 1D 375 80% cycles 3 750 [86]
0,
MXene-Graphene 2D 450 85% 98% after 1000 40 800 [87]
cycles
- 1 )
MXene-Activated 3D 420 75% 95% after 1000 45 250 [88]
Carbon cycles
- 0,
E/lo)r(r?ne Qraphene D 430 83% 97% after 1000 38 730 [89]
posites cycles

10
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3.1. 0D carbon/Ti3C2Tx composites

Carbon dots (CDs) stand for OD carbon material which has gathered spectacular
attention in past few years [90]. When their composites are formed with MXene, these
miniaturized CDs have the property of dispersing easily all over on the flat surface of
MXene which helps in preventing the issue of restacking in MXenes and exposure of
more active sites for electrolytic ions to diffuse inside these MXene sheets. Thus, it
helps in enhancing the energy density of supercapacitors if the composition of these
composites is employed as electrode materials. Findings prove that specific
capacitance and cycle retention of MXene/CDs composites is better than if these are
used as individual components [91-93]. Thus, this section discusses the synthesis
techniques, structure properties, and electrochemical results of MXene/CDs
composites in detail.

A simple and effective method has been developed by Li et al. [91] to fabricate
hybrid CDs and TisC,Tx films as SC electrodes as depicted through Figure 6. Wheat
straw, Enteromorpha proliferate, pomelo juice, and tribute chrysanthemum, were the
four precursors that used for the synthesis of CDs. Afterwards, TisC.Tx/CDs
composite films were prepared by the incorporating CDs into TizC,Txsuspension. The
enhancement in the electrochemical performance has been obtained by optimizing the
composite film, that was prepared by using 5 wt.% of pomelo juice-derived CDs with
nitrogen/sulfur doping (NSPJCDs) along with 95 wt.% of TizC,Txas shown in Figure
7.
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Figure 6. Synthesis process of CDs and TizC,Tx films [91].
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Figure 7. SEM images of (a) TisC,Tx, (b) NSPJCDs-M (5%) [91].

From the SEM results, it has been seen that 1.41 nm of interlayer spacing has
been achieved in Figure 7b with the composite film which was 1.26 nm in pure
MXene film as shown through Figure 7a. This enhanced spacing has helped in
obtaining greater accessible electroactive sites which thus boost the diffusion distances
and transportation of ions. Results showed that TisC,T/CDs composite electrode
exhibits a gravimetric capacitance of 327.1 F/g, and the nonlinearity in the curves of
galvanostatic charge—discharge (GCD) represent the pseudocapacitive behavior.
Additionally, excellent cycling stability, and capacitance retention with a value of
94.6% was obtained after 10,000 cycles. Moreover, this hybrid supercapacitor also
displayed an energy density of 6.45 Wh./kg with a power density of 200 W/Kg.
However, in this study the performance of composite has been highly dependent on
the size of the carbon dots incorporated. Too much or too little carbon dot
incorporation could have the adverse effects on the overall performance of the material
as it is more difficult to control its parameters during practical applications as the
tendency of carbon dots depends mainly on their concentration as well as distribution
within the MXene matrix.

One more research by Tan et al. [94] utilized 0D carbon dots and 2D MXene
nanosheets for producing TisC.Tx@CDs composite electrode material. A
hydrothermal method is employed for the successful synthesis of CDs at a temperature
of 200 °C for 300 min from a mixture of m-phenylenediamine and diethyl-
netriaminepenta solution. Then the addition of CDs was done into TizC,Tx suspension
for synthesizing stable and flexible TisC.Tx@CDs hybrid films via a process of
vacuum filtration. However, as MXenes are highly prone to issues like oxidation and
surface termination loss when exposed in aqueous solution over time. Although this
study presents promising results, but the long-term stability of the synthesized micro
flowers remains unclear for real-world applications.

The bonding between MXene and carbon dots can be ascribed because of their
electrostatic interaction as TisC,Tyx possesses a zeta potential of —29.3 mV, whereas
CDs reflects a zeta potential of +36.8 mV. Study by Zhang et al. [95] proposed an
intercalation strategy for fabricating flexible MXene based thin film electrodes by
incorporating calcium alginate (CA) into MXene nanosheets, followed by
carbonization. It has been seen from this research that because intercalating and
evaporating CA hydrogel within TisC,Tx nanosheets yielded in high density
TisC,T,/CA films. The increase in spacing between MXene layers was possible
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through the process of carbonization due to which MXene nanosheets have CA-
derived carbon dots inserted in their layers thus promoting the electrolyte ions
diffusion inside of MXene film as shown through Figure 8. For this reason, TisC,Tx
films embedded by CDs displayed an outstanding capacitance of 1244.6 F/cm®at a
current density of 1 A/g, a superior rate capacity of 662.5 F/cm at 1000 A/g, and a
capacitance retention of 93.5% after 30,000 cycles in 3 M H3SO.a.

Figure 8. Cross-sectional SEM image of the MXene/CA film.

Thus, this listed study has provided a simple and cost-effective strategy for
building hybrid MXene/carbon thin film electrodes with excellent storage capacity.
On the other hand, the key feature in electrode materials is their flexibility, however
there can be a trade-off between flexibility and performance. For instance,
electrochemical performance in some situations got reduces if the material is too
flexible. Thus, balancing in maintaining mechanical flexibility along with achieving
high electrochemical performance is yet to be explored.

3.2. 1D carbon nanotube (CNTS) or fibers/TisC2Tx composites

Irrespective of carbons alternatives, one dimensional (1D) carbon, involving
carbon nanotubes (CNTs), carbon nanofibers (CNFs) and carbon tubular
superstructures, might also be considered as self-standing materials without a need of
binders or substrates, and hence helps in forming highly conductive networks via the
interactions among wide range of carbon materials [81,95-100]. Because of the
smooth pathways offered by 1D materials, researchers have investigated from the
measurements and simulations that ions and electrons movement through 1D carbon
materials is exceptionally fast [101]. Further, the robustness of the mixture can also be
ensured due to the superior mechanical strength of 1D structures. In flexible SC
systems, the unique structure of 1D carbon can also mitigate issues caused under harsh
test conditions [102]. Thus, these 1D carbon materials are perfect candidate to be used
as spacers for stabilizing MXene electrode’s structure.

3.2.1. Investigating TisC,Tx/CNT composites

Carbon nanotubes referred to as (CNTSs) could be recognized as twisted graphene
sheets which are categorized into single walled carbon nanotubes (SWCNTSs) and
multiwalled carbon nanotubes (MWCNTS) depending upon the number of layers of
graphene. SWCNTSs surface is simple and inert in nature whereas MWCNTSs are highly
reactive with a greater number of defects because of the increase in the wall layers
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[95]. The incorporation of 1D CNTs in TisC,Tx MXene, not only enhances flexibility
but also prevents restacking by acting as a conductive spacer [103]. Moreover, the
electrolyte ion diffusion, electron transport, and electrochemical performance has also
been promoted as CNTs behave as a viaduct between nanosheets of MXene [81].

Yang et al. [95] used an electrophoretic deposition method (EPD) for preparing
TisCoT/CNT composite films on graphite substrate. It can be seen from the results
that the specific gravimetric capacitance displayed by TisC,Tx/CNTs hybrid film was
134 F/g at a current density of 1 A/g that is nearly 1.5 and 2.6 times greater than that
delivered by bare TisC,Tx and CNTSs film, respectively. Moreover, the TisC.T,/CNTs
electrode performance was highly impressive as no decay was observed in the
capacitance for over 10,000 cycles, which signifies increased ions accessibility to the
film of the composite (TisC.T:/CNTSs) material. Later, cyclic voltammetry (CV) and
galvanostatic charge-discharge (GCD) of symmetrical TisC,T«/CNTS supercapacitor
was characterized and found to have the specific capacitance of 55.3 F/g with an
energy density of 0.56 Wh/kg and power density of 416.7 W/kg at 5 A/g. Similarly,
Li et al. [94] presented research where they synthesize Ti.CTx MXene with the help
of HCI and LiF etchant. Afterwards, CNTs were mixed with synthesized MXene for
obtaining Ti.CTx MXene/CNTs nanocomposite “paper”. Through electrochemical
measurements, this “paper” showed excellent capacitive results with the value of
specific capacitance as 515.3 F/g and volumetric capacitance as 694 F/cm?®at a scan
rate of 2 mV/s. However, while preparing MXene/CNT films, there might be a trade-
off in film thickness and electrochemical performance. The overall performance can
be affected negatively if films are thicker films as they highly impact the charge
transportation and ion diffusion. Thus, it’s a challenge in obtaining an optimal film
thickness which balances electrical conductivity, capacitive performance, and
mechanical stability.

Thereafter, Li et al. [104] built a new simple alkali-induced method for preparing
porous TizCoT,/CNT film (known as A-MCF) as shown through Figure 9. In the
resulting film, after the introduction of CNTSs, issues of restacking in TisCyTx
nanosheets were successfully addressed, thus efficiently promoting utilization of the
active sites on MXene surface resulting in fast ion/electron transportation.
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Figure 9. Effect of alkali-induced method for preparing porous TisC,Tx/CNT film [99].

Porous MXene/CNT film

The findings of A-MCEF film presented specific capacitance of 401.4 F/g and rate
capability of 336.2 F/g at a current density of 1 A/g and 1000 A/g respectively with
99.0% of capacitance retention after 20,000 cycles at 100 A/g as shown through

14



Energy Storage and Conversion 2025, 3(1), 1920.

Figure 10. Despite this study lacks in controlling the pore size distribution and
porosity as it is crucial for achieving optimal performance. The paper does not discuss
the systematic control over the pore structure, which is vital for ensuring uniform ion
diffusion and maximizing the surface area for charge storage.
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Figure 10. Rate capability of the annealed MXene film [99].

To further enhance the super capacitive results of TisC,Tx/CNTSs, the
incorporation of third element, including conducting polymers such as polypyrrole
(PPy) or polyaniline (PANI), has been performed. For illustration, it has been seen that
a theoretical specific capacitance of 400F/g has been presented by PANI in sulphuric
acid. A few years back, Cai et al. [105] showed the preparation of TizC,Tx-CNT/PANI
nanocomposite in one of their research projects. It has been revealed by SEM images
that the composite of CNT/PANI built a strong connection with MXene (TizCzTy)
nanosheets, with a considerable positive effect on the stacking of Ti;C,Txsheets which
improves the overall performance of energy storage devices. Compared with EDLC
capacitance derived for MXene, the behavior reflected by the composition of TizC,Ty-
CNT/PANI and CNT/PANI composites is pseudocapacitive with quasi-symmetrical
curves which are because of the presence of redox active sites in PANI. Moreover, the
capacitive reach of TisC,Tx-CNT/PANI electrode was 429.4 F/g under 1 M solution
of H,SO4at a current density of 1 A/g. This ternary composition of electrode materials
proved excellent stability with 93% of capacitance retention after 10,000 cycles,
higher than any of the single compound in the composite material.

An optimization of 3D interconnected structure of ion-permeable
MXene/graphene nanotube (MG) composite film was carried by Wang et al. [106]
through the insertion of graphene nanotubes (GDY-NTs) vertically into MXene
(TisC2Tx) layers as shown in Figure 11. The representation of GDY-NTs was
recognized as a latest artificially synthesized carbon allotrope, which delivered a
synergistic effect because of horizontal-vertical 3D-intercalation thus improving the
performance of MG films.
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Figure 11. Capacitive effects of Intercalating GDY-NTs in MXene thin films.

In this discovery, it has been shown that the capacitance and the rate capacity
delivered by this composite film has significantly improved to 337.4 F/g and 73% at
100 mV/s, which was higher than bare MXene (TisC.Ty) film. Hence, this research
points towards a latest method in dealing with the problem of restacking in TizC,Tx
for SCs applications. However, as the synthesis of graphdiyne requires the need of
organic solvents and precursors, it poses a strong impact on environmental if carefully
not monitored which thus needs to be considered.

3.2.2. Investigating TisC,Tx/carbon nanofiber composites

Several benefits are offered by CNFs because of their easy fabrication methods
and property to be used as self-standing electrodes for flexible SCs without requiring
polymer binders or metal current collectors [107]. In general, on large scale, the
flexibility in size and 1D morphology of CNFs can be obtained by carbonizing
polymer precursors such as polyacrylonitrile (PAN), polyimide, polyvinyl alcohol,
and aromatic polyamide [97]. By forming the composites of CNFs with MXene,
properties of individual materials including their tendency of electrical conductivity
and surface functionality got enhanced, thus preventing the issues of re-deposition and
auto-oxidation in MXene.

It was portrayed by Kwon et al. [56] in their research about the synthesis of hybrid
carbon nanofibers (HCNFs) prepared from TisC,Txand aromatic poly (ether amide)
(PEA) for using as free-standing supercapacitor electrodes. The method involved
spinning PEA solutions electrically and then these fibers are dip-coated for 1-10
cycles in TisC,Tyx aqueous solution Afterwards, TisC,Tx-coated PEA nanofibers were
carbonized at a temperature of 1000 °C. It is evaluated from the results that as the
number of dips increases, MXene nanosheets spread uniformly on the entire PEA-
derived and nitrogen-self-doped CNFs. After seven cycles of dip-coating, HCNF7 was
produced successfully which delivered excellent values of electrochemical
performance due to the balance between high conductivity and ionic barrier function
of TisC,Tx/CNFs composite. The designed SC with two independent and symmetrical
HCNF7 electrodes displayed prominent improvement in the electrochemical
performance parameters with specific capacitance value ranging from 66.7 F/g to
179.3 F/g, power density from 1000 W/Kg to 10,000 W/Kg, along with the energy
density from 52.7 Wh/Kg to 91.2 Wh/Kgat a current density ranging from 1 to 10 A/g.
Thus, these TisC,Tw/PEA-derived HCNFs confirms to have the capability of
portraying as high-performance self-standing electrode materials. Thereafter, a similar
method was devised by Levitt et al. [99] for designing free-standing TizsC,Tx/CNF
electrodes by spinning TisC,Txelectrically with PAN followed by carbonization. The
weight ratio of mixing MXene flakes with PAN solutions was 1:2 (PAN:MXene), due
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to which the percentage of MXene fiber mats prepared was 35 wt.%. The resulting
hybrid film possessed capacitance of 205 mF/cm?at a scan rate of 50 mV/s, which was
approximately three times greater than pure carbonized PAN nanofibers and twice by
bare MXene (TisC.Ty) fibers.

Kshetri et al. [108] employed a rational concept of designing cobalt metal-organic
framework (Co-MOF) on flexible conducting MXene-carbon nanofiber mats (MX-
CNF). The composites of above said material were then used as the initial material for
deriving capacitive-type Co-PC@MX-CNF and battery-type MnO@C0304-
PC@MX-CNF individual electrodes for high-performance flexible and wearable
hybrid SCs (FW-HSCs). Results show that the fabricated electrodes provide a specific
capacitance of 426.7 F/g with a specific capacity of 475.4 mAh/gat 1 A/g. Moreover,
fabricated FW-HSC achieved an energy density of 72.5 Wh/kg at a power density of
832.4 W/kg, with capacitance retention of 90.36% for over 10,000 cycles. These
results thus proved FW-HSC electrodes as an efficient source for various wearable
devices.

3.3. Investigating 2D graphene/TizC2Tx composites

Graphene, a 2D family candidate composed of carbon layers with single atom
thickness, displaying distinct characteristics than zero- and one-dimensional carbon
materials as they involve a strong in-plane covalent bonding which provides excellent
electrical conductivity, suitable layer thickness, wider lateral dimensions which
shortens pathways for ion transport, and larger surface exposure which helps in
adsorbing ions [109]. All these properties highly affect the performance of SCs [110].
Functionalized graphene’s, such as porous, heteroatom-doped, hydrogels, and
aerogels, have been widely explored in SCs. The surface groups behave as the redox
sites on functionalized graphene, thus leading to their pseudocapacitive behavior
[111]. While drying and fabricating electrode material, it’s been observed that van der
Waals forces interaction among nanosheets results in the problem of aggregation and
self-restacking in graphene as well [109]. It is very interesting to note that when
graphene material is introduced into MXene using self-assembly methods or other
routes, it will remove the chances of self-stacking of individual materials and
combines the benefits which each component carries for resulting high
electrochemical capacitance [112].

The preparation of flexible MXene (TisC,Tx/holey graphene (MX-rHGO))
membranes were proposed by Fan et al. [113] by filtering the dispersions of alkalized
TisC,Tx and holey graphene oxide (HGO), in continuation with mild annealing
treatment as shown in Figure 12. The outcomes of this study reveal that the porosity
in graphene acted as a spacer for preventing self-stacking in TisC,Ty, thus building a
strong network by connecting nanopores which facilitated the ion transport and
shortening transport path for electrolyte ions.

From the results, it was shown that the gravimetric capacitance shown by MX-
rHGOs film with 3 wt.% of holey graphene, displayed capacitance of 438 F/g at a scan
rate of 2 mV/s, which was greater than pristine TizC, Ty film (303 F/g) as presented in
Figure 13. Moreover, with MX-rHGO; hybrid film, the value of bulk capacitance
achieved was 1445 F/cm? at a scan rate of 2 mV/s with a capacitance retention of 69%
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at 500 mV/s. Moreover, the with the use of MX-rHGO; film, symmetrical SC
fabricated displayed a capacitance retention of 93% at 5 A/g for 10,000 cycles and
showed an energy density of 38.6 Wh/L with a power density of 206 W/L.

TRClx Holey graphene oxide

HCI+LiF
etching

Reduction in Ar
atmosphere

Figure 12. lllustration of synthesis of the modified MXene/holey graphene film.
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Figure 13. (a) Cyclic voltammetry curves of MXene film and MX-rHGO at a scan rate of 20 mV/s; (b) CV curves of
MX-rHGOs at scan rates ranging from 10 to 500 mV/s; (c) constant current charge—discharge curves of MX-rHGO; at
different current densities; (d) gravimetric and (e) volumetric capacitances of the MXene and MX-rHGO at different
scan rates; (f) effect of areal mass loading on the volumetric capacitance of MXene film and MX-rHGOs in
comparison with some previous reports.

Shao et al. [114] developed a hybrid aerogels of TisC,Tx/reduced graphene oxide
(rGO) using a simple self-assembly method. The strong forces were shown by 3D
porous aerogel in different directions with a unique spindle shape and stiffer pore
walls. These aerogels displayed an electrochemical capacitance of 233 F/gat a current
density of 1 A/g, along with a capacitive retention of 91.01% after 10,000 cycles. This
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technique thus acts as a useful theoretical reference for carrying research on
independent supercapacitor electrode materials.

A demonstration was conducted by Yan et al. [115] using electrostatic self-
assembling method on TizC,T,/rGO membranes which were highly flexible and
conductive. In this method negatively charged nanosheets of MXene and positively
charged nanosheets of reduced graphene oxide were assembled for creating rapid
supercapacitor materials. This composite material results in minimizing the concern
of self-restacking of rGO and TisC,Tx nanosheets while maintaining the ultrahigh
conductivity of 2261 S/cm and density of 3.1 g/cm®. The rGO nanosheets acted as
conductive spacers between MXene (TisC2Ty) with an increase in its interlayer spacing
for creating various channels for electrolyte ions as shown through SEM images in
Figure 14. Thus, the synthesized M/G-5% electrode provided a specific capacitance
of 335.4 F/g at a scan rate of 2 mV/s, which was slightly greater than pure MXene
(330.2 F/g). Furthermore, results have also shown that there was no degradation of
capacitance value even after 20,000 cycles.

Figure 14. (a) and (b) Top-view; (c) and (d) cross-sectional SEM images of the resultant of M/G-1%; (a) and (c)
M/G-10%; (b) and (d), insets are the high-magnification SEM images.

Later, a study by Yang et al. [116] presented an efficient and fast self- assembly
method for preparing 3-dimensional porous antioxidant TisC,Tx/graphene (PMG)
hybrid with the help of in-situ killed metal zinc templates. This self-assembled porous
3D structure mitigated the concerns of oxidation in MXene and exhibited outstanding
conductivity due to the accessibility of redox active sites by electrolyte ions. The SEM
results for the PMG-5 is shown through Figure 15. The synthesized hybrid PMG-5
electrode (having 5% rGO content) resulted in an outstanding specific capacitance of
393 F/g, and excellent cycling stability. Additionally, the fabricated asymmetrical
supercapacitor displayed an energy density of 50.8 Wh/kg with a 4.3% decrease in the
value of capacitance after capacitive cycles of 10,000.
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Figure 15. SEM images. (A) and (B) PMG-5 sample without the removal of zinc powder by concentrated HCI

solution.

This work gives insights into a new strategy for tackling two significant long-
term issues faced by TisC,Tx in future. Despite of only combining MXene and
graphene materials for eliminating the problem of self-stacking there are other
strategies too such as surface modification or ligand-assisted routes that also needs to
be used for solving the issues of self-stacking. Further, the process of graphene
synthesis is also tedious needs and consume high energy with low output [102]. Thus,
there is still a gap left for improving its production efficiency with minimizing the cost
of its production.

3.4. Investigating 3D carbon/Ti3sC2Tx composites

3D carbon materials have interconnection of porous structure which leads to high
electrical conductivity, faster ion transfer dynamics, and greater redox active surface
area[117]. With the smaller 3D materials, their incorporation into different layers of
MXene is easy comparatively to the insertion of larger 3D materials. In this section,
the introduction of combining 3D carbons with MXene TisC,Tx is discussed
thoroughly including the benefits shown by their combination in supercapacitors.

3.4.1. Activated carbon (AC)

The cost effectiveness as well as the porosity tunability makes AC a most used
candidate for supercapacitors. Yu et al. [118] reported in their research about single-
step synthesis of Ti;C,T«/AC composite as electrodes for flexible SCs with organic
electrolyte. It can be seen from the findings of this publication that AC particles were
incorporated among MXene (TisC2Tx) layers in which the role of binders, conductive
additives and flexibility is provided by MXenes. Due to AC encapsulation, the
interlayer distance between MXene layers is expanded which improved the specific
capacitance and stability of electrodes as depicted through XRD pattern with the
shifting of peak at 9.5 degrees to lower value in Figure 16. The results showed that
the flexible MXene/AC hybrid electrode displayed a capacitance of value 126 F/g ata
current density of 0.1 A/g, with a capacitive retention of 92.4% after 10,000 cycles at
10 A/g.

20



Energy Storage and Conversion 2025, 3(1), 1920.

=

Gravimetric Capacity (mAh g”)

..’

AC
AC/MXene-1:1
AC/MXene-2:1

\__ AC/MXene-4:1

L o MXene

1.C| 2I0 3IO 4l0 5I0 BIO TIO BIO 90
2 Theta /°

Figure 16. XRD patterns of AC particles, MXene film, and AC/MXene films.
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3.4.2. MOF-derived carbon

The formation of MOFs is carried out with the help of coordination reaction
occurring between metal-containing units and organic linkers. Because of the variable
metal ions, rich carbon content, and excellent pore structure, porous carbon-based
materials are prepared by utilizing MOFs as precursor material [82]. In a study recently
adopted by Gao et al. [119] displayed the preparation of mesoporous carbon (MCs)
using carbonizing zeolite imidazole framework-8 (gaoZIF-8) as a precursor material,
which presented a capacitance of 215 F/g. Later, Jiang et al. [120] carried another
research for developing in-situ decorated ZIF-67 nanoparticles on 2D ultrathin TisC,
nanosheets followed by calcination at 800 °C in the atmosphere of hydrogen and argon
for 2 h along with the removal of metal ions via acid treatment as shown in Figure 17.
During the process of carbonization, ZIF-67 acted as a source of nitrogen provider for
carrying out doping in TisC,. Therefore, the hybrid nitrogen-doped TisC/carbon 2D
heterostructure (N-Ti3C,/C) was finally achieved, which can be a diaphragm for
lithium-sulfur batteries and had wide range of possibilities to be used in coming years
in SCs.
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Figure 17. Synthesis process of TizC,Tx/ZIF-67 composite electrodes.
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References

4. Summary and perspectives

MXene belongs to an emerging class of two-dimensional transition metal
carbides or nitrides which shows outstanding results for different energy storage
applications. Thie 2D layered structure possesses attractive density, excellent electron
conductivity, better hydrophilicity, variable terminations, and mechanism of charge
storage via ions intercalation. This paper mainly aims towards popularly used
modification and widely used methods for the successful synthesis of MXene
(TisC,Ty) with varied sized of carbon materials in the field of supercapacitors. Firstly,
this paper starts with introducing different synthesis methods of MXene, such as HF
etching, acid/fluoride etching, alkali etching, molten salt etching, electrochemical
etching, etc. All these methods have serious effect on different parameters of MXene
including functional groups, sheet size and interlayer spacing, and its final
electrochemical properties with different composites. Secondly, for mitigating the
problem of restacking and oxidation in MXene, they are utilized either as active
material or additive or host, or as a substrate for OD, 1D, 2D, 3D carbon as this can
help in exposing the surface accessibility of MXene. The output with 0-dimensional
carbon derivatives showed that these have possesses higher active sites, and larger
specific surface areas. Moreover, the enhancement in rate capabilities can be achieved
by employing 1D carbon materials because of large conductive networks and
convenient channels for faster ion and electron transport, whereas the improvement in
electrical conductivity is provided by 2D materials. Moreover, benefits of bigger
lateral 2D dimensions can be easily applied for improving the specific capacitance and
stability of the corresponding supercapacitors. In addition, 3D materials with wide
exposure surfaces and flexible porous structures proves them as an ideal electrode
material for high-performance SC applications. However, although big achievements
are remarked by designing MXene/carbon composites in SC applications, still there
are various challenges and possibilities for the upcoming future. In summary, there are
few factors which needs to be addressed for future growth as (i) sustainable methods
for preparation of TisC,Ty; (ii) design improvement of MXenes/carbon hybrids; (iii)
practical applications development on MXene-based SCs. In-depth research on all the
above-mentioned aspects can be promoted for the further development of
MXene/carbon hybrids as high-performance SC materials.
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