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ABSTRACT: In this study, we report on the enhancement of the Stacked Mene sheet Cs.otpa:'ti"es increase
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electrochemical properties of MXene by intercalating C60 P verspacne

nanoparticles between its layers. The aim was to increase the @il U@ - 2
interlayer spacing of MXene, which has a direct effect on W ,
capacitance by allowing the electrolyte flow in the electrode. To Chububs i 1

*
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achieve this, various concentrations of Ti,SiC, (known as MXene) @UUUUUSUSUSY

and C60 nanocomposites were prepared through a hydrothermal
process under optimal conditions. The resulting composites were
characterized by using X-ray diffraction, scanning electron
microscopy, energy dispersive spectroscopy, Raman spectroscopy,
and cyclic voltammetry. Electrodes were fabricated using different concentrations of MXene and C60 nanocomposites, and current—
voltage (I—V) measurements were performed at various scan rates to analyze the capacitance of pseudo supercapacitors. The results
showed the highest capacitance of 348 F g'~ for the nanocomposite with a composition of 90% MXene and 10% C60. We introduce
MXene-C60 composites as promising electrode materials for supercapacitors and highlight their unique properties. Our work
provides a new approach to designing high-performance electrode materials for supercapacitors, which can have significant
implications for the development of efficient energy storage systems.

1. INTRODUCTION type is pseudo capacitors, which have the ability to store
additional charge due to the specific electrode material that can
undergo reversible redox reactions at the electrode surface.
This allows them to store more energy than EDLCs and have a
higher voltage rating.'’ =" Overall, supercapacitors have the
potential to revolutionize the energy storage industry and be
used in a wide range of applications. However, there are still
challenges to be overcome, such as improving their energy
density and reducing their cost before they can become a
viable alternative to traditional batteries.””' ~* Supercapacitors
are typically made with thin-film electrode materials in the
shape of fibers or flat sheets, with or without soft-matter
substrates for support.”*~*° Many nanostructured materials are
frequently used in supercapacitors as electrode materials with
improved performance, including carbon nanotubes, hierarchi-
cally porous carbon, and hollow metal oxides/sulfides.
However, there are few electrode materials that can have
both high volumetric and gravimetric specific capacitance.”””*

Energy storage devices (ESDs) have become increasingly
important in recent years due to the growing demand for
renewable energy sources and the need for efficient energy
storage systems. ESDs play a vital role in storing and supplying
energy from various sources to electronic appliances. The
choice of ESD depends on the specific application require-
ments, which include storage capacity, specific power, specific
energy, reaction time, efficiency, lifetime, thermal resistivity,
and cost. There are different types of ESDs, includin$ batteries,
fuel cells, standard capacitors, and supercapacitors.' ® Super-
capacitors have emerged as a promising energy storage solution
due to their high power density, which enables them to deliver
a large amount of energy in a very short time. They exhibit
short charging and discharging times, making them ideal for
devices where fast energy transfers are required such as electric
vehicles. Apart from high power density, supercapacitors
possess long life cycles and are space efficient, lightweight,
easy to handle, reliable, and compatible with other electronic
components.7_12 Received: June 8, 2023
There are two main types of supercapacitors that are Accepted:  October 9, 2023

commonly used, namely, electric double layer capacitors Published: December 28, 2023
(EDLCs) that use a high surface area carbon electrode and

an electrolyte to store charge. It has a relatively low voltage

rating but can store a large amount of energy.l?’_16 The second
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Figure 1. Experimental synthesis setup for the fabrication of MXene-C60 nanocomposites.

MXene, a new two-dimensional (2D) material, has recently
emerged as a promising electrode material for supercapacitors
due to its unique properties. MXenes consist transition metal
carbides or nitrides that are produced through a process of
selective etching of MAX (M = early transition metal, A =
group A element, and X = carbon or nitrogen) phases. MXene
has a layered structure with each layer consisting of transition
metal atoms sandwiched between two carbon or nitrogen
layers. The layers are held together by weak van der Waals
forces, which allows them to be easily peeled off and stacked to
form thin films or nanosheets. MXene exhibits a range of
interesting properties, such as high electrical conductivity, high
mechanical strength, and high surface area, which make it
suitable for a wide range of applications. Especially the high
surface area of MXenes allows for high capacitance, and their
high electrical conductivity ensures efficient charge trans-
port.zg_‘?’5 In addition, the interlayer spacing between MXene
sheets can be tuned, providing additional opportunities to
enhance their electrochemical properties, which makes it a
potential candidate to be used as supercapacitor elec-
trode.”*™* C60, a spherical fullerene molecule made of 60
carbon atoms, has also been widely studied for its unique
properties, including high surface area, chemical stability, and
electrical conductivity." ~** Combining MXene and C60 can
provide a new approach to improve the interlayer spacing of
MXene and enhance its electrochemical properties.

In this paper, we aim to prepare MXene-C60 composites
with different compositions and investigate the effect of
interlayer spacing on the electrochemical properties of the
composites. Ti;C, MXene was prepared by etching the Ti;SiC,
MAX phase, and then C60 and MXene composites were
formed through hydrothermal reaction and characterized
through several techniques before using them to fabricate the
electrode for supercapacitor device. Our results show that the
composite with a composition of 90% MXene and 10% C60
exhibited the highest capacitance among all the composites
studied. Overall, our results confirm that C60 intercalation
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enhances the electrochemical properties of MXene, making it a
promising candidate for high-performance supercapacitor
applications.

2. EXPERIMENTAL PROCEDURES

2.1. Methods and Materials. Ti;C, MXene was obtained
by etching Ti;SiC, MAX powder in an HF/H, O, solution. To
prepare the etchant solution, 45 mL of HF was mixed with 5
mL of H,0, in a 250 mL polypropylene bottle. Next, 3 g of
Ti;SiC, powder was added to the etchant solution, and the
mixture was placed in an oil bath preheated to 55 °C. The
solution was kept at this temperature with constant stirring
(500 rpm using a 2 cm-long Teflon magnetic stirring bar) for
4S h to ensure complete removal of Si atoms from the MAX
phase. After the reaction was complete, the product was
washed repeatedly with deionized water and centrifuged at
5000 rpm. The resulting sample was then filtered by using a
vacuum filtration setup to obtain a 2D layered Ti;C, MXene
structure. To separate the layers of MXene, a delamination
process was used, in which tetramethyleammonium hydroxide
(TMAOH) was added to the obtained product, and the
mixture was heated to 55 °C with continuous magnetic stirring
for 24 h. The mixture was then filtered to obtain the final
product, ie., 2D delaminated sheets of Ti;C, MXene.
Composites of MXene and C60 were prepared through a
hydrothermal process in which commercially available C60 was
used without any further purification. Solutions of MXene and
C60 were prepared in deionized water and dilute ethanol,
respectively. Both solutions were dispersed in a sonication bath
for 30 min. The dispersed solution was transferred to a Teflon
beaker and placed inside an autoclave, which was then kept in
an oven at 90 °C for 24 h to carry out the hydrothermal
process. To separate the solvents from the material, vacuum
filtration with a filter paper of 0.22 ym pore size was used.
However, the filtered powder still had some amount of solvent
in it. To completely dry the obtained nanocomposites, the
filter paper containing the nanocomposite on its surface was
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left inside the vacuum drying chamber at 100 °C for 24 h. After
the mixture was dried, MXene-C60 nanocomposites were
obtained. Five samples of MXene-C60 composites were made
with compositions; 10% MXene +90% C60 (S-1), 25% MXene
+75% C60 (S-2), 50% MXene +50% C60 (S-3), 75% MXene
+10% C60 (S-4), and 90% MXene +10% C60 (S-5), which
were used for further characterizations. A schematic
representation of the synthesis steps is shown in Figure 1.

The process involves several steps, such as the preparation of
MXene through etching the MAX solution, the addition of the
C60 particles to the MXene solution, and sonication to achieve
a uniform dispersion. Finally, the composite material is
obtained through vacuum filtration and drying.

2.2. Fabrication of Electrode for Supercapacitors. The
method used to fabricate the electrode for a supercapacitor is
crucial in determining its performance. The production phases,
such as mixing, casting, spreading, and solvent evaporation, all
affect the final attributes of the electrode.”’ ™ Commonly
used substrates for making electrodes include nickel foams,
cobalt foams, and FTOs (fluorine-doped tin oxides).”' ™ In
the present work, we used nickel foam as a substrate for
making the MXene-C60 composite electrode. Prior to
electrode fabrication, the substrate was washed in ethanol
and DI water for 10 min each in a sonication bath and then
dried at 55 °C on a hot plate. To prepare the slurry paste, we
mixed 80% of MXene-C60 composite, 10% carbon black, 10%
PVDF polyvinylidene difluoride (a highly nonreactive thermo-
plastic fluoropolymer), and 2 drops of NMP (N-methyl-2-
pyrrolidone). Once all components of the slurry paste were
mixed, it was sprayed onto the nickel foam using a spray gun
and then kept inside a vacuum drying chamber at 100 °C for
24 h. A pressure of S psi was applied by a hydraulic press to
distribute all components of the slurry paste uniformly, which
was then used for electrochemical characterization. It is worth
noting that the use of carbon black in the electrode
composition helps to enhance the electrical conductivity of
the electrode, while PVDF acts as a binder to hold the
electrode material together.so’s“’55 In addition, the use of NMP
as a solvent in the slurry paste aids in the uniform distribution
of the electrode material on the substrate.

2.3. Characterization Techniques. The experimental
tools utilized in this study to investigate the intercalation of
C60 into MXene layers included X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), Raman spectroscopy, and cyclic
voltammetry (CV). XRD was employed to identify the crystal
structures and purity of the prepared samples. SEM analysis
allowed for the investigation of the morphology of the
intercalated MXene layers and the uniform distribution of
C60. EDX was utilized to confirm the presence of C60 in the
intercalated MXene layers and determine the elemental
composition of the samples. Raman spectroscopy provided
information about the structural changes that occurred as a
result of the intercalation of C60 into the MXene layers.
Finally, CV was used to measure the electrochemical
performance of the intercalated MXene layers and compare
it to the performance of the unmodified MXene layers. The
XRD measurements were performed using a Bruker D8
Advance diffractometer with Cu Ko radiation (A = 1.5406 A)
over a 20 range of 5—80°. The SEM images were obtained
using a JEOL 6490-A scanning electron microscope, and the
EDX measurements were performed by using the same SEM
instrument. Raman spectra were recorded by using a Horiba
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Scientific Explora One spectrometer. The CV measurements
were performed using a Gamry Cyclic Voltameter Interface
1010E instrument with a three-electrode configuration. These
experimental tools provided comprehensive characterization of
the intercalated MXene layers and valuable insight into the
structural and electrochemical changes that occurred as a result
of the intercalation process.

3. RESULTS AND DISCUSSION

3.1. Structural Analysis. The X-ray diffraction (XRD)
spectra of the MAX phase, MXene, and composite samples 1
and 3 are presented in Figure 2. The XRD spectrum of MAX
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Figure 2. XRD pattern of MAX, MXene, 10% MXene +90% C60, and
50% MXene +50% C60 nanocomposites.

phase exhibits characteristic peaks at (002), (004), (006),
(101), (103), (104), (008), (105), (108), (109), and (110),
which are in agreement with the reported crystal planes for
Ti,SiC,.>° " In contrast, the XRD spectrum of MXene shows
only (002), (004), (006), and (008) peaks, indicating the
formation of the desired 2D layered structure.”®*”*° The
composite samples display all of the peaks corresponding to
the structures of C60 and MXene, indicating that both
constituents do not react chemically and only form a
composite, remaining in their characteristic structures without
forming any impurity phase. The relative intensity of C60
peaks compared to that of MXene is high in sample 1 and
decreases in sample 3, which is in accordance with the weight
concentration of C60 in both of these samples. The XRD
results suggest that the composites possess good crystallinity
and confirm the successful synthesis of MXene-C60
composites through a hydrothermal process.

3.2. Morphology and Elemental Analysis. Figure 3a—d
displays the surface morphology of C60 particles, revealing
their characteristic spherical shape with an average grain size of
approximately 30 pm. However, the roughness of the surface
suggests that the particles are oxidized."*> SEM images of
MXene are presented in Figure 3e,f where the layered structure
can be observed at some places; however, the remaining
portion appears to be like bulk grains, which is due to the
stacking or close packing of MXene layers with each other.
SEM images of the composite sample with the composition
50% C60 + S0% MXene (Figure 3g—j) indicate a
homogeneous distribution of MXene and C60, with no visible
aggregation or agglomeration. Interestingly, the lining between
MXene layer is more prominent in the composite sample as
compared to that in pure MXene. This indicates successful
intercalation of C60 particles between MXene layers, which

https://doi.org/10.1021/acsomega.3c04058
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Figure 3. SEM images (a, b) C60, (c, d) MXene, and (e, h) MXene-C60 nanocomposite (50% MXene +50% C60).

cases an increase in the interlayer spacing. EDX analysis was
conducted to analyze the elemental composition of C60 and
the composite sample and is shown in Figure 4. The EDX
spectrum of C60 shows a single peak corresponding to carbon.
However, in the EDX spectrum of the composite sample,
multiple peaks are observed, which are identified as titanium,
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carbon, silicon, fluorine, and oxygen. The presence of fluorine
and oxygen can be attributed to the compounds used during
the etching process, while the remaining peaks correspond to
the MXene and MAX phases. Overall, SEM and EDX analyses
confirmed the successful formation of the MXene-C60
composites with a homogeneous distribution of both

https://doi.org/10.1021/acsomega.3c04058
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Figure 4. EDX spectrum: (a) C60; (b) MXene-C60 nanocomposite (50% MXene +50% C60).

constituents. These findings are consistent with the XRD
analysis and further support the potential of Mxene-C60
composites as high-performance electrode materials for
supercapacitor applications.

3.3. Raman Spectroscopy. Raman spectroscopy was used
to study the vibrational modes of the intercalated MXene-C60
nanocomposites with varying compositions. The Raman
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spectra (Figure S) showed peaks corresponding to both
MZXene and C60 materials, which exhibited a shift in peak
positions and Raman shift with varying compositions.
Specifically, the characteristic peaks of MXene were observed
at 220 and 420 cm™!, while those of C60 were observed at
1465 cm™. The variation in peak intensities was found to
follow a nearly consistent trend with the change in

https://doi.org/10.1021/acsomega.3c04058
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Figure 5. Raman spectrum of 10% MXene +90% C60, 25% MXene
+25% C60, 50% MXene +50% C60, 75% MXene +25% C60, and 90%
MZXene +10% C60 nanocomposites.

composition, indicating the successful incorporation of C60
into the MXene layers. Notably, in MXene-rich compositions,
peaks corresponding to C60 completely vanished, indicating
that the C60 nanoparticles were effectively intercalated into
the MXene layers.

3.4. Cyclic Voltammetry. sCyclic voltammetry was used
to study the electrochemical behavior of the prepared
composites using a three-electrode system in 6 M KOH as
electrolyte. The cyclic voltammograms of all the samples at
different scan rates in a potential window of 0.1 to 0.6 V are
presented in Figures 6 and 7. MXenes have a layered structure
that is partially delaminated, allowing both ion intercalation
and EDLC formation to contribute to charge storage.“’64
Especially, when acidic electrolytes (e.g, H,SO,) are used,
distorted rectangular CV curves are observed because of the
contribution from the Faradaic redox reactions.”*® The
electrochemical behavior of MXenes is strongly influenced by
the electrode fabrication procedure. A completely delaminated
MXene should show different electrochemical behavior than
that observed in stacked MXene nanosheets. Delamination of
the nanosheets by sonication, which is frequently used to
fabricate free-standing MXene films, alters the relative fraction
of these two contributions to charge storage.”” "% In the
present work, the aim was to increase the interlayer spacing
between MXene sheets through the process of the intercalation
of C60 particles between the MXene sheets. Increased space
between MXene layers enhances the diffusion of electrolyte
into the electrode material, which gives rise to the high
capacitance values for the material.

The cyclic voltammograms (CV) of the prepared composite
samples showed EDLC behavior in the beginning and then a
sharp rise in the current, which is due to the layered structure
of MXene that allows ion diffusion and gives rise to the
intercalation pseudo capacitance effects. The layered structure
of MXene provides a path and increased surface area to the
ions in the electrolyte for redox reactions. However, the curves
show a strong dependence on scan rate, which occurs because,
at higher scan rates, ions do not get enough time to travel into
the layered electrode due to which the peak current decreases
with an increase in scan rate. Furthermore, a consistent rise in
the peak current was observed with the increase in MXene
concentration in the composites (see Figure 6).

Figure 8 shows the capacitance as a function of MXene
concentration in the composite for various scan rates where it
can be seen that for each scan rate, the highest value of
capacitance is observed for sample S, which contains the
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highest concentration of MXene. Interestingly, the observed
value of the capacitance for sample S (340 F g'~) is higher than
the previously reported capacitance for MXene (240 F g'7).
This confirms that the C60 particles were successfully induced
between the MXene layers, which increased the interlayer
spacing and allowed for the easy flow of electrolyte between
the MXene layers. Furthermore, sample 5, which contains the
highest MXene concentration, is the optimal composition for
achieving high capacitance for supercapacitors.

3.5. Mechanism. Supercapacitors store energy through
electrochemical pseudocapacitance and electrostatic double-
layer capacitance (EDLC), both of which contribute to the
total capacitance of the capacitor. The EDLCs use carbon
electrodes that achieve separation of charge in a Helmholtz
double layer at the interface between the surface of a
conductive electrode and an electrolyte. The separation of
charge is of the order of a few angstroms (3—8 A), which is
much smaller than in a conventional capacitor.”' =" In
contrast, pseudocapacitance is achieved by Faradaic electron
charge transfer through redox reactions. Therefore, the surface
area of the electrode available for redox reactions directly
influences the magnitude of pseudocapacitance.”*~”

MXene is a 2D material that has a large surface area, making
it a potential candidate for use as an electrode material for
supercapacitors. MXenes are known to exhibit pseudocapaci-
tance due to the Faradaic redox reactions that occur at their
surface.”” ™" The general reaction that could occur at the
surface of a MXene electrode is

MXene(M,, X,T,) + ne” & MXene(M,, + X, T,,,)

where M represents a transition metal such as Ti, V, or Nb, X
represents a carbon or nitrogen atom, T represents a surface
termination such as O, OH, or F, n is the number of metal
atoms in the MXene layer, and e™ represents an electron. In
this reaction, n electrons are transferred per metal ion, leading
to a change in the oxidation state of the metal. The reverse
reaction occurs during the discharge process, where the stored
charge is released. However, it is important to note that the
specific redox reaction that occurs on the surface of a MXene
electrode may depend on various factors such as the specific
MXene composition, the type of electrolyte used, the applied
potential, and the operating conditions of the supercapacitor.
These reactions involve the transfer of electrons between the
electrode material and electrolyte, leading to the formation of
charged species on the surface of the electrode.

However, MXene layers are usually stacked with each other,
which allows for a much less effective surface area for redox
reactions. Therefore, increasing the interlayer spacing of
MXene (either by varying the synthesis parameters, etchant
solution or by making composites with other materials) is a
useful way to increase the capacitance.””*” In the present
work, C60 is used as intercalating particles that situate
themselves between the MXene layers and therefore cause an
increase in the interlayer spacing. The increased interlayer
spacing allows more electrolyte for the redox reactions,
resulting in an increase in capacitance. This mechanism is
schematically depicted in Figure 9. The increased capacitance
in our samples confirms that C60 particles have been
successfully intercalated between the MXene layers and the
interlayer spacing has been increased. It is essential to note that
the highest capacitance is observed for the composition that
contains 90% MXene and 10% C60. The capacitance
consistently decreased as the concentration of C60 increased
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Figure 6. Cyclic voltammograms of all MXene-C60 nanocomposites at fixed scan rates: (a) 2, (b) 5, (c) 10, (d) 20, (e) 50, (f) 100, (g) 150, and

(h) 200 mV s,

in the sample. This finding can be attributed to the unique
electrochemical properties of MXene, which contribute to its
exceptional performance when used in energy storage devices.
MXene, with its two-dimensional layered structure, provides a
significantly large effective surface area, enabling abundant sites
for redox reactions. Consequently, MXene exhibits high
capacitance due to its enhanced charge storage capacity. To
further elaborate, the key factor for MXene’s exceptional
capacitance lies in the accessibility of its interlayer spacing,
allowing efficient electrolyte diffusion into the electrode
material. By separating the MXene layers or increasing the
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interlayer spacing, the electrode facilitates the penetration of
the electrolyte, enhancing ion mobility and enabling more
effective charge storage. On the other hand, when C60 is
employed solely as an electrode material, it predominantly
exhibits EDLC behavior, similar to traditional carbon electro-
des. In the present work, the role of C60 is to increase the
interlayer spacing between the MXene sheets. However, as the
concentration of C60 increases above 10% in the composite
electrode, despite the expanded interlayer spacing, the overall
capacitance decreases. This decline can be attributed to the
reduced MXene content in the electrode, leading to a
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Figure 7. Cyclic voltammograms of all MXene-C60 nanocomposites at different scan rates: (a) 10% MXene +90% C60, (b) 25% MXene +25%
C60, (c) S0% MXene +50% C60, (d) 75% MXene +25% C60, and (e) 90% MXene +10% C60. Area of integration and capacitance for all MXene-
C60 nanocomposites versus different scan rates: (f) 10% MXene +90% C60, (g) 25% MXene +25% C60, (h) 50% MXene +50% C60, (i) 75%
MXene +25% C60, (j) 90% MXene +10% C60.

diminished contribution from the high-capacitance MXene decrease in the overall capacitance. Therefore, the optimal
component. Consequently, the increase in C60 concentration composition for the MXene-C60 composite electrode is 90%
outweighs the benefits of interlayer spacing, resulting in a MZXene and 10% C60. To further enhance the capacitance of
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Figure 8. Capacitance of all MXene-C60 nanocomposites of different
MZXene concentrations at different scan rates.

the MXene-C60 composite electrode, more compositions need
to be prepared with C60 concentration in the range of 0—20%.
The capacitance can also be improved by increasing the
interlayer spacing of MXene by altering the synthesis
parameters or the etchant solution. Moreover, by introduction
of other intercalating particles, the interlayer spacing can be
further increased, leading to a higher capacitance.

To date, numerous different MXene materials have been
successfully synthesized and characterized. The MXene family
continues to expand, as researchers explore new combinations
of transition metals and surface functionalization techniques.
Each MZXene material possesses unique properties and
potential applications, making the field of MXene research
dynamic and exciting.**~”° However, as also discussed in the
Introduction section, the major issue in MXenes is the easy
restacking or agglomeration of MXene sheets, which hinders
the mobility of the electrolyte between the layers and
drastically affects electrochemical properties. Researchers
have attempted various techniques to enhance the electro-
chemical properties of MXenes, such as modifying the etching
solution or parameters,”’ ~” implementing postsynthesis
treatments like alkalinization,”” and creating composites by
combining MXene with other suitable materials.”*’” Compo-
sites can improve properties in two ways. First, they can
provide a conductive path for charge carriers, as seen with
materials like carbon nanotubes or graphene.sg’98 Second,
composites can prevent or reduce restacking or agglomeration
of MXene layers.”” In comparison to other MXenes and
previous improvement methods, our study focused on
investigating the impact of interlayer spacing on the electro-

chemical properties of MXene and C60 composites. C60 was
utilized to increase the interlayer spacing of the MXene layers.
Our findings demonstrate that the addition of C60 successfully
increased the interlayer spacing, showcasing the effectiveness
of this approach in enhancing the energy storage capabilities of
MXene-based electrode materials. Moreover, the composite
with a composition of 90% MXene and 10% C60 exhibited the
highest capacitance among all of the composites studied. These
findings contribute to a more comprehensive understanding of
the phenomena under study and highlight the potential of
interlayer spacing manipulation using C60 for the development
of efficient energy storage systems.

In conclusion, we have successfully synthesized Mxene-C60
composites through a facile solvothermal method. The XRD
analysis confirms that C60 particles have been intercalated
between the MXene layers, leading to an increase in interlayer
spacing. The electrochemical characterization of the compo-
sites showed that the intercalation of C60 particles significantly
improves the capacitance of MXene-based supercapacitors by
increasing the interlayer spacing, allowing more electrolytes for
the redox reactions. This finding provides a new approach to
enhancing the electrochemical performance of MXene in terms
of specific capacitance and rate capability. Our results indicate
that the optimal composition of MXene-C60 composite is 90%
MXene +10% C60. However, it is important to note that the
concentration of C60 particles needs to be carefully controlled
since the capacitance decreases as the C60 concentration
increases above 10%. Our study sheds light on the potential of
MXene-C60 composites as high-performance electrode
materials for supercapacitors. Future work could explore the
use of other intercalating particles or optimize the composition
of the MXene-C60 composite to further enhance its electro-
chemical performance. Overall, our findings contribute to the
development of advanced energy storage devices that are
crucial for a sustainable future.

4. SUMMARY AND CONCLUSIONS

In this study, we aimed to prepare MXene-C60 composites
with different compositions and investigate the effect of
interlayer spacing on the electrochemical properties of the
composites. MXene was prepared by etching the MAX phase,
and then, C60 and MXene composites were formed through a
hydrothermal reaction and characterized through several
techniques before using them to fabricate the electrode for a
supercapacitor device. Our results show that the composite
with a composition of 90% MXene +10% C60 exhibited the
highest capacitance among all the composites studied. The

MXene sheets

Addition of
C60 particles

MXene sheets
with intercalated
C60 particles

4

Figure 9. Schematic representation of C60 intercalation in the MXene layers.
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increase in interlayer spacing achieved by intercalating C60
nanoparticles between MXene layers resulted in an improved
capacitance and enhanced electrochemical performance of the
composite. In summary, our work demonstrates that
intercalation of C60 into MXene layers is a promising
approach for enhancing the electrochemical properties of
electrode materials for high-performance supercapacitor
applications, which can have significant implications for the
development of efficient energy storage systems.
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