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Abstract

In this work, a novel composite anode material combining activated carbon, MXene, and nanosized silicon was developed for
high-performance lithium-ion batteries. Unlike previously known MXene/Si or Si/C systems, our work is the first to implement
athree-component AC/Si/MXene architecture, where biomass activated carbon provides a highly developed porous structure
and additional conductivity, MXene stabilizes and enhances electron transport, and nano-Si contributes high capacitance. The
composite design integrates the advantages of each component: silicon for its high theoretical capacity, MXene for its
excellent electrical conductivity and layered structure, and biomass-derived activated carbon for its high surface area and
structural integrity. A sequential synthesis strategy was employed, where nanosilicon was first intercalated into MXene layers,
followed by mixing with porous activated carbon to form a homogeneous and stable hybrid structure. Here, the synthesized
MXene material acts as a matrix for nanosilicon to restrain volume expansion during charge/discharge, and the synthesized
activated carbon acts as a conductor for structural stability and also has additional capacity. Electrochemical analysis of the
AC/Si/MXene composite demonstrated a high initial discharge capacity exceeding 2000 mAh/g at a current density of
200 mA/g. Subsequent capacity studies at different current densities showed that the material is stable. The composite

material also showed higher capacity compared to individual nano-Si, MXene, and AC.
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1. Introduction

Lithium-ion batteries are currently the leading energy storage
technology among electrochemical power sources. Since their
commercialization, they have caused a real revolution in the
field of portable electronics and, subsequently, in electric
vehicles and the energy sector.l'! Currently, most existing
electric vehicles are equipped with lithium-ion batteries due to
their high specific energy, long cycle life and satisfactory
efficiency. However, with the increasing demand for lithium
and the limited its limited natural availability, as well as the
high cost and potential risks associated with thermal
instability, intensive research is underway to develop
alternative energy storage systems.?! Promising candidates
include sodium-ion batteries,?®! flow batteries,!*! as well as
alkaline and other types of rechargeable batteries.>¢l However,
despite ongoing efforts to find alternatives, lithium-ion
technology remains the most widely used and commercially
mature energy storage system today.!”!
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Since the advent of lithium-ion batteries, carbon, primarily
in the form of graphite, as the anode material of choice.® This
material has proven to be a stable and efficient host for lithium
ions due to its high reversible capacity, excellent cycling
stability, and wide availability. In the early stages of lithium-
ion battery development, graphite fully met the performance
requirements of anode materials. However, as the use of
lithium-ion batteries has expanded especially in large-scale
energy storage systems and electric vehicles the energy
characteristics of graphite have increasingly become a limiting
factor. Despite the theoretical specific capacity of 372 mAh/g,
in practice graphite anodes usually reach only 280-310
mAh/g.”! Commercial cells also use alternative anode
materials such as lithium titanate (LTO) and other oxide-based
structures, including spinels.l'” Although their specific
capacity is lower than that of graphite, they provide high
charge-discharge rates and increased stability, making them
preferred for applications requiring high power density and
long cycle life.

Intensive research is currently underway to replace
graphite with higher-capacity materials.[''l One of the most
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promising candidates is silicon, which has a theoretical
specific capacity of about 4,200 mAh/g, which is almost ten
times that of graphite. This exceptional capacity makes silicon
a very attractive material for the development of next-
generation anodes for lithium-ion batteries.!'?! Despite its high
theoretical specific capacity, the widespread use of silicon in
lithium-ion batteries is still limited by several significant
disadvantages. The main problem lies in the significant
volume changes that silicon undergoes during lithiation and
delithiation.["¥) When reacting with lithium ions, silicon forms
the intermetallic compound Li«.sSi , accompanied by a
volumetric expansion of up to 300%.0'Y Such a significant
volume expansion leads to mechanical stresses, cracking, and
structural degradation of silicon during cycling. As a result,
the electrical connection between the active particles is
disrupted, forming inactive ("dead") areas, which leads to a
sharp decrease in capacity and worsens the stability of the
cycle. To mitigate these disadvantages, researchers are
developing silicon-based composite materials using various
chemical, physical, and mechanical approaches.I'>!®! These
methods are aimed at reducing volume changes, increasing
conductivity, and stabilizing the structure of the anode
material. The most promising strategies include the
development of silicon-carbon composites, nanostructuring,
silicon encapsulation, and the use of buffer matrices capable
of withstanding volumetric expansion.['”]

In recent years, composite materials based on MXene in
combination with silicon and carbon have been actively
studied.!'s MXene structures (for example, Ti3CoTx) exhibit
exceptionally high electrical conductivity, significantly
exceeding that of traditional carbon materials.['"” This makes
them particularly attractive as conductive matrices or buffer
phases in anode composites for lithium-ion batteries.

For example, in the work of Huang Liu et al,?" a
composite material based on two-dimensional quantum dots
SnO: and MXene (Ti3C,Tx) was synthesized using chemical
methods. The resulting material demonstrated a specific
capacity of 659.8 mAh/g after 100 cycles, retaining 91% of its
original value, which indicates the high stability and efficiency
of the composite.?'! For comparison, the pure synthesized
MXene in the same study demonstrated a capacity slightly
above 100 mAh/g, which is consistent with our experimental
results. Several studies have attempted to solve the problems
of bulk expansion of silicon and low electrical conductivity by
integrating it with MXene materials. For example, in,1>?
silicon was intercalated between MXene layers, forming
multilayer hybrid structures with high electrical conductivity
and the ability to effectively buffer volume changes occurring
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during lithiation and delithiation.

An alternative approach was implemented in the study,?*
where silicon particles were encapsulated within an MXene
shell, forming capsule-like structures. This architectural
design effectively prevents particle agglomeration and
contributes to improved structural stability during cycling.
Furthermore, in the study,® a composite structure was
proposed in which active silicon and MXene were uniformly
distributed, ensuring full contact between the components.
Such a design enhances both ionic and electronic transport and
significantly improves the cycling stability of the material. In
addition to silicon, MXene is also actively employed in
combination with various forms of activated carbon (AC). For
example, the study® describes the development of composite
materials based on carbon fibers and MXene, which
demonstrated high efficiency when applied in electrochemical
energy storage devices. In another study,?” activated carbon
in particle form was combined with MXene to fabricate
supercapacitor electrodes, resulting in high specific
capacitance and excellent cycling stability.

Taking into account the above-mentioned approaches and
the results of previous studies, this study proposes the
synthesis of a composite anode material including MXene,
activated carbon, and nanosilicon. Initially, MXene and
porous activated carbon are synthesized, with the latter serving
as a conductive and mechanically stable matrix. The
nanosilicon was anchored onto the surface and edges of
MXene sheets, forming a hybrid MXene/Si structure with
close interfacial contact. While full intercalation between the
interlayer galleries is unlikely due to the size of the silicon
nanoparticles (~tens of nanometers), their uniform distribution
across the MXene surface facilitates efficient electronic and
ionic transport, and helps to buffer volume expansion during
cycling.

2. Experimental section

2.1 Synthesis of activated carbon

Activated carbon was synthesized using a two-step method
involving thermal carbonization and chemical activation of
apricot kernels shell biomass (ASh). In the first step, 50 g of
ASh were washed under running tap water for 30 minutes,
followed by three rinses with distilled water to remove surface
contaminants, dust, soluble salts, and organic impurities. After
filtration and drying at 105 °C for 12 hours, the cleaned raw
material was placed into a sealed stainless-steel reaction vessel.
Carbonization was carried out under an argon atmosphere
(flow rate: 300 mL/min) at a temperature of 550 °C with a
heating rate of 6 °C/min and a holding time of 90 minutes. The
resulting carbonized product (~20g) was cooled to room
temperature under an inert atmosphere.

For chemical activation, the carbonized ASh was mixed
with potassium hydroxide (KOH) at a mass ratio of 1:4
(carbon precursor: KOH). The mixture was thoroughly
ground in an agate mortar. Thermal activation was then
performed in the same reactor at 800 °C for 120 minutes,
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using the same heating rate (6 °C/min) and argon flow
(300 mL/min). After cooling, the activated carbon was washed
with hot distilled water (70-80 °C) until a neutral pH (~6-7)
was reached, confirming the complete removal of residual
alkaline activating agents.

Final drying was carried out in an oven at 130 °C for 12
hours. The obtained activated carbon was stored in a sealed
glass container until further use (Fig. 1). The final yield of the
activated carbon was approximately 34% of the initial mass.
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Fig. 1: Schematic diagram of the Step-by-step synthesis of activated carbon from apricot shell.

2.2 Synthesis of MAX Phase and MXene

High-purity powders of titanium (Ti), titanium carbide (TiC),
and aluminum (Al) were used for the synthesis of the MAX
phase. The components were mixed in pre-calculated molar
ratios corresponding to the desired TisAlC. composition. The
mass of each substance was determined based on its molar
mass, and the components were weighed precisely using an
analytical balance. The resulting mixtures were subjected to
mechanical mixing in a planetary ball mill equipped with an
iron container and stainless-steel balls. The milling process
was carried out at a rotation speed of 150 rpm for 24 hours.
The mass ratio of the powder mixture to the milling balls was
1:3, ensuring effective grinding and homogenization.

The mixed powders were then sintered in a tubular furnace
under a high-purity argon atmosphere (99.999%). Prior to
sintering, the system was evacuated and purged with argon
three times to eliminate residual air. The heating profile
involved a temperature ramp of 5 °C/min followed by a 120-
minute dwell at the target temperature. The argon flow rate
was maintained at 100 mL/min. After heat treatment, the
samples were allowed to cool to room temperature inside the
furnace to prevent thermal cracking. The sintered samples
were then ground into a fine powder using a diamond mill and
sieved through a 0.46 pm mesh to obtain a uniform particle
distribution.

The synthesized MAX phase powders were subjected to
chemical etching using hydrochloric acid (HCl). To prevent a

highly exothermic reaction, 1 g of TisAlC: powder was slowly
added to concentrated HCI. Under continuous stirring with a
PTFE-coated magnetic stir bar, 0.666 g of LiF was gradually
added to the mixture. The stirring process was continued for
30 minutes to ensure complete dissolution of the salt. The
resulting suspension was incubated at 32 °C for 24 hours.
Upon completion of the reaction, the mixture was washed
with deionized water or ethanol until a neutral pH
(approximately 6) was reached. The washing procedure
consisted of several cycles, each involving the addition of
deionized water (or ethanol), centrifugation (3500 rpm, 10
minutes), and decanting. Typically, four washing cycles were
performed. As a result, a high-purity MXene material was
obtained and stored in distilled water for further use (Fig. 2).

2.3 Synthesis of the Composite Material

To prepare the composite material, 10 mg of nanodispersed
silicon was dispersed in 10 mL of distilled water using an
ultrasonic bath for 30 minutes to ensure uniform particle
distribution. Afterward, 10 mL of an aqueous MXene solution
was added to the suspension at a 1:1 volume ratio, and the
mixture was further stirred mechanically at room temperature
until a homogeneous MXene/Si solution was obtained.

The resulting mixture was then introduced into 1 g of pre-
prepared activated carbon, followed by vigorous stirring using
a magnetic stirrer for 1 hour to promote uniform adsorption
and interaction of the components. Upon completion of
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Fig. 2: Step-by-step process of MAX phase synthesis followed by selective etching and delamination to obtain Ti3C,T.
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Fig. 3: Step-by-step synthesis of the AC/Si/MXene composite material.

mixing, the resulting composite was dried in a vacuum oven
at 120°C for 12 hours. The dried material was then
mechanically ground in a planetary ball mill for 30 minutes to
obtain a homogeneous, highly dispersed powder (Fig. 3).

2.4 Electrode Preparation
To fabricate working electrodes, the composite materials were
mixed with conductive carbon black (Timical Super C45,
Sigma-Aldrich) and polyvinylidene fluoride (PVDF, Arkema
HSV900, Sigma-Aldrich) in a mass ratio of 8:1:1. N-methyl-
2-pyrrolidone (NMP, Sigma-Aldrich) was used as the solvent.
The resulting slurry was mechanically stirred in an agate
mortar for 30 minutes until a homogeneous suspension was
obtained.

The suspension was applied to stainless steel foil

(thickness: 16 um) using a 100 um-thick doctor blade. The
coated electrodes were dried in a vacuum oven at 120 °C for
12 hours. After drying, circular discs with a diameter of 16 mm
were punched from the electrode film. The active material
loading was calculated per unit area of each disc to ensure
standardized electrochemical measurements (the mass loading
of the active material was approximately 3.4 mg per electrode).
CR2032-type half-cells were assembled in an argon-filled
glove box (with H20 and O: levels below 0.1 ppm) using the
prepared electrodes. A 1 M solution of LiPFs in a 1:1 volume
mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) was used as the electrolyte. Lithium metal foil served
as the counter electrode. The assembled cells were used for
subsequent electrochemical characterization of the composite
materials (Fig. 4).

Preparation of
electrode slurry

—  Coating [ Drying

Electrochemical
testing

Cell assembly ina
glove box

Fig. 4: Schematic representation of the preparation of electrode and testing.

2.5 Characterization methods

The mineralogical composition of the samples was analyzed
by X-ray phase analysis using the MPD XCEL-221 diffraction
system at 30 kV and 10 mA, with CuKa radiation. The
morphological characteristics surface was studied using
scanning electron microscopy (SEM) using a scanning
electron microscope, elemental analysis was performed using
an energy dispersion spectrometer Si (L1) (Joel JSM-6490 LA)
connected to SEM. Nitrogen adsorption at —196 °C using
Autosorb-1 (Quantachrome, Hook) performed the pore size
distribution and specific surface area analysis. The pore size
distribution was calculated using the BJH method, while the
specific surface area was determined using the BET method.
pH meter (Multiparameter Water Quality Meter). For cell
testing, a BTS-5V50mA 8-Channel Coin Cell Battery Voltage
Analyzer Tester was used for charge—discharge and stability
measurements, while a potentiostat/galvanostat Elins P-40X
was employed for impedance spectroscopy and cyclic
voltammetry.

3. Results and discussion

One of the main methods of analyzing porous materials is the
BET analysis, which determines the specific surface area and
gives an idea of the porosity and textural development of the
material. Fig. 5 shows the nitrogen adsorption-desorption
isotherm at 77 K (left) and the pore size distribution (right) for
synthesized activated carbon. The isotherm exhibits a
characteristic type IV behavior with an H4 hysteresis loop,
which indicates a well-developed micro-mesoporous structure
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of the material.?®) At low relative pressures (P/Po < 0.1), a
sharp increase in the adsorption volume is observed, which is
explained by the filling of micropores with a diameter of less
than 2 nm. A further gradual increase in adsorption in the range
of P/Po = 0.1-0.4 corresponds to the filling of mesopores (2-
50 nm), typical for activated carbons obtained by chemical
activation methods. At P/po > 0.4, the isotherm reaches a
plateau, which indicates a limited macroporosity.”’

Analysis of the pore size distribution (Fig. 5a) by the BJH
method shows that the predominant pore diameter is in the
range of 2-5 nm, which confirms the mesoporous nature of the
material with a significant contribu-tion of micropores. The
cumulative pore volume curve shows a total pore volume of
approximately 1.6 cm?/g. The specific surface area calculated
using the multipoint BET method is 3450.96 m?/g, which in-
dicates a very high degree of activation and effective pore
development (Fig. 5b).

Fig. 6 shows images of synthesized MXene (TisC2Ty) in
a transmission electron microscope at various magnifications.
In the left image (scale ruler: 50 nm), thin layered structures
characteristic of MXene are observed, demonstrating a well-
defined lamellar morphology, which confirms the successful
etching of aluminum from the MAX phase and subsequent
stratification. The distinct transparent areas correspond to a
single or multi-layered MXene sheet, while the darker areas
indicate the stacking of mul-tiple layers. In the right image
(scale ruler: 100 nm) shows larger aggregates and fragments
of layered structures showing thin lamellar morphology with
varying degrees of transparency. This structure provides a
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Fig. 5: N2 adsorption/desorption isotherm (a) and pore size distribution curve (b) based on the Brunauer-Emmett-Teller method

for the activated carbon.

Fig. 6: T

large surface area and accessible active centers, which are
crucial for the application of MXene as an electrode material
in lithium-ion batteries and supercapacitors.

The TEM results confirm that the synthesized MXene
exhibits a typical multilayer two-dimensional structure with a
high degree of stratification, which provides effective
interlayer interaction and excellent electrical conductivity.
Scanning electron microscopy (SEM) analysis was performed
to assess the morphology and surface structure of intermediate
and composite samples, as shown in Fig. 7. Comparative
image analysis allows microstructural changes to be observed
at each stage of the synthesis process. The elemental
composition of each sample is presented in Fig. S3.

The initial phase of MAX (Ti:AlCz) demonstrates a dense
multilayer structure with well-defined grain boundaries and
flat lamellar surfaces, which is typical for this class of
nanolaminated materials.?” After selective etching of
aluminum to obtain MXene (TisC2Tx), a characteristic
accordion-like morphol-ogy with an increased interlayer
distance is observed, which confirms the successful removal
of Al atoms and the formation of a multilayer two-dimensional
structure.’'321 The surface of activated carbon has a
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EM image of MXene nanosheets at 50-100 nm.

pronounced macroporous and rough texture with a well-
developed system of open pores, which provides a high
specific surface area, which is an important property for
facilitating ion transfer and charge storage.*’

The image of the MXene/Si composite obtained using
SEM shows a uniform distribution of silicon nanoparticles
over the surface of MXene. Small aggregation is observed in
some areas, which is explained by interparticle interaction
during synthesis.”’) The MXene/Si/AC triple composite
demonstrates the most complex and heterogeneous
morphology, where both silicon and activated carbon are
embedded in an MXene layered matrix. It is expected that this
structure will contribute to the formation of a conductive and
ion-permeable network with high mechanical stability and
effective buffering ability against bulk changes in silicon
during cycling.’*1 Thus, the obtained microstructures
confirm the successful implementation of the concept of an
integrated composite material combining high electrical
conductivity, well-developed porosity and lithium storage
capacity. These features make the synthesized structures
promising candidates for use as anode materials in lithium-ion
batteries.%37)
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Fig. 7: SEM images: (a) Activated porous carbon, (b) MAX phase, c) Mxene, d) MXene/Si composite, ¢) AC/Si/MXene composite

(after planetary ball mill).

Fig. 8 shows the X-ray diffraction patterns of individual
components - activated carbon (AC), MXene (TizC:Ty),
nanosilicon (Si), and the AC/Si/MXene composite. The AC
diffraction pattern (below, red curve) shows broad and weak
peaks centered around 26 ~ 25° and 44°, corresponding to the
planes (002) and (100) of turbostrate or amorphous carbon.*]
This indicates the disordered nature and short - range
structural order typical of activated carbon obtained from
biomass precursors.l*’) The MXene figure (blue curve) shows
a strong peak (002) of about 2.7°, characteristic of TisC:Ty,
along with a weaker reflection (004) of about 15°, confirming

the successful etching of the MAX phase and the formation of
a multilayer 2D structure.’'! The small-angle shift of peak
(002) reflects the increased interlayer distance due to the
presence of surface functional groups and ion intercalation.’??
Crystalline silicon (green curve) exhibits sharp, high-intensity
peaks at 20 ~ 28.4°,47.3°, 56.1° and 69.1°, which correspond
to the planes (111), (220), (311) and (400) cubic Si phase
(JCPDS No. 27-1402).14 The sharpness and intensity of the
peak confirm the high crystallinity and phase purity of
nanosilicon.

In the AC/Si/MXene composite (above, green curve), the
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Fig. 8: XRD analysis of nanostructured silicon, MXene, and activated carbon.
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diffraction pattern clearly includes the main peaks of
crystalline silicon, the broadened amorphous background
from AC, and the preserved low-angle (002) reflection from
MXene. This confirms the structural integrity and successful
integration of all components in the composite. The presence
of separate phase signals without noticeable peak shifts
implies minimal structural distortion during the manufacturing
process.

Thus, the XRD results confirm the highly ordered crystal
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structure in the Nano-Si sample, the pronounced stacking of
layers in MXene, and the amorphous nature of activated
carbon, conclusions that are consistent with their
morphological features and expected functional roles in
lithium-ion energy storage systems. The electrochemical
properties of the AC/Si/MXene composite electrode were
evaluated using galvanostatic charge-discharge testing at
various current densities. The results are shown in Fig. 9.

The cycling performance graph shows that the electrode

ACSiMNene
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Fig. 9: Electrochemical performance of the AC/Si/MXene composite: (a) Charge—discharge voltage profiles; (b) Specific capacity
as a function of current density; (c) Comparative analysis of cycling stability and capacity for individual components (AC, Si, MXene)
and the composite; (d) Electrochemical impedance spectroscopy (EIS) Nyquist plot.

provides a high initial specific capacity of approximately 2000
mAh/g at a low current density (200 mA/g) Fig. 9a. However,
during the first 20 cycles, a significant drop in capacitance is
observed, which is explained by irreversible processes such as
the formation of a solid electrolyte interphase (SEI) and
structural rearrangements of active components.*'*l This
composite, consisting of amorphous activated carbon,
nanostructured silicon, and conductive MXene, is undergoing
adaptive transformations aimed at stabilizing its mechanical
and electronic integrity. These processes may include:

* redistribution of internal voltage due to volumetric changes
in silicon during lithium/division;

Engineered Science Publisher

« sealing of the electrode structure;

« stabilization of the SEI layer;

« improvement of the interfacial contact between the
composite components, which leads to the formation of a
strong conductive network.

After the initial decrease in capacity, there is a tendency to
stabilize, indicating the establishment of a more stable
composite architecture and the effectiveness of synergistic
interactions between AC, Si and MXene components. When
the current density changes (from 200 to 500 mA/g) Fig. 9b,
the electrode retains a reasonable reversible capacity,
demonstrating promising speed capability in high current

Eng. Sci., 2025, 37, 1804 | 7
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conditions. In particular, upon returning to the initial current
density (200 mA/g), capacitance is restored, which indicates a
high structural integrity of the composite and favorable kinetic
behavior for the intercalation of lithium ions Fig. 9c. Charge-
discharge profiles (voltage versus capacitance) for the first
three cycles show characteristic features typical of silicon-
based anode materials. There is a marked difference between
the first and subsequent cycles, primarily due to the initial
formation of solid electrolyte interphase (SEI) and adverse
reactions.[*] During the first discharge, a distinct plateau
appears around ~0.2-0.3 V, which corresponds to silicon
lithiation. When charging, characteristic plateaus are observed,
indicating the process of division. The similarity of the profiles
in the second and third cycles suggests a high degree of
reversibility of the lithium/division reactions after initial
stabilization.

Thus, galvanostatic analysis shows that the AC/Si/MXene
electrode combines high specific capacity, good cycling
characteristics, and stability at various current densities,
making it a promising candidate for use in lithium-ion
batteries.

To assess the contribution of each component to the overall
electrochemical performance, separate tests were conducted
for pure nanosilicon, activated carbon, and synthesized
MXene at a current density of 200 mA/g (Fig. S1). Pure
nanosilicon demonstrated a high initial specific capacity
exceeding 1800 mAh/g in the first cycle. However, the
material showed a significant decrease in capacity during
cycling: by the 10th cycle, the capacity had dropped to about
400 mAh/g, and the test was subsequently discontinued due to
instability. In contrast, activated carbon demonstrated stable
performance, maintaining a specific capacity of about 300
mAh/g throughout the testing period. This stability is mainly
due to its capacitive charge storage mechanism and the high
structural strength of the material. The synthesized MXene
also showed stable behavior: at a current density of 200 mA/g,
it maintained a specific capacity of about 100 mAh/g for more
than 80 cycles. This indicates the high electrochemical
strength of MXene, despite its relatively low capacitance value.
The speed characteristics of the individual components were
not investigated in this study; however, theoretically, it can be
assumed that at a current density of 200 mA/g, the composite
material exhibits a higher specific capacity compared to each
of the individual components. With a further increase in
current density, a decrease in capacitance can also be expected
for all materials, primarily due to limitations in the kinetics of
lithium ion transport and increased polarization effects.

Fig. 9d shows a Nyquist graph illustrating the
electrochemical impedance of an AC/Si/MXene composite
anode. The experimental data are constructed as the imaginary
and real parts of the complex impedance (Z" and Z') in the
frequency range from about 100 kHz to 3 Hz. In the high
frequency region, there is a pronounced semicircle
corresponding to the charge transfer resistance at the
electrode—electrolyte interface. In the low frequency region,
an elongated sloping tail is observed, characteristic of the
Warburg impedance, which reflects the limitations of diffusion

8| Eng. Sci., 2025, 37, 1804

in the porous structure of the material. Fitting experimental
data using the Rs+ equivalent circuit model (Rst||CP) + W
gave the values of ohmic resistance Rs = 9.6 Ohms and charge
transfer resistance Ret = 490 Ohms. The impedance spectra of
each sample are shown separately in Fig. S2.

The first cycle (Fig. 10, black curve) shows clear
differences from the subsequent ones, which is typical for
silicon-based anode materials. This behavior is primarily
explained by the formation of a solid electrolyte interfacial
layer (SEI), accompanied by irreversible side reactions such
as electrolyte decomposition and surface activation of silicon.
A wide cathode plateau of about 0.2—0.3 V corresponds to the
lithium of silicon and the formation of lithium-silicon alloys
(for example, LixSi), while the anode plateau of about 0.5-0.6
V is associated with the process of division. Starting from the
second cycle (red and blue curves), the CV profiles become
highly stable and reproducible, indicating the formation of a
stable SEI layer and a high degree of electrochemical
reversibility. The preservation of the curve shape and the
absence of significant peak shifts indicate the excellent
structural integrity of the AC/Si/MXene composite and its
effectiveness in adapting to bulk changes in silicon during
cycling. Unlike individual components, the composite
material, including nanosilicon, activated carbon, and MXene,
demonstrated significantly higher and more stable capacity.
For more than 80 cycles at a current density of 200 mA/g, the
composite electrode retained a specific capacity of
approximately 570-580 mAh/g. This performance indicates a
synergistic effect between the components.: Activated carbon
contributes to structural stability and electrical conductivity,
MXene improves electron transfer, and nanosilicon provides
high theoretical capacity.
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Fig. 10: Cyclic voltammetry (CV) curves of the AC/Si/MXene
composite electrode recorded in the potential range of 0.01-3.0 V
(vs. Li*/Li) at a scan rate of 0.1 mV/s for the first three cycles.

Comparative analysis (Table 1 and Table S1) demonstrates
that the proposed AC/Si/MXene composite exhibits one of the
highest specific capacities among known MXene-based
anodes for lithium-ion batteries. At a current density of 200
mA/g, this material provides a capacity of 580 mAh/g with a
Coulombic efficiency of about 99%, which is superior to many
previously published results. For example , TizC,TX
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Table 1: Comparison of Capacity of MXene-Based Anode Materials in LIBs.

Name Capacity Current density CE Year Reference
1 AC/V2C_D MXene 562 mAh/g 50 mA/g 95.87 % 2023 [45]
2 Eﬁccaiﬁ;\feﬁesﬁcon 550 mAh/g 1.7 Alg (0.5C) ~98% 2021 [46]
3 BixMoOs/MXene 328.2 mAh/g at2 Alg 99.6% 2019 [47]
4 Ti2C MXene 389 mAh/g 100 mA/g ~99% 2016 [48]
5  MmCT. 764.7 mAh/g 0.5C, - 2024 [49]
6 Ti2C 225 mAh/g c/25 - 2012 [50]
7 Co-MOF/MXene 422 mAh/g 1A/g - 2024 [51]
8 Ti3C2Fx MXene 329 mA h/g 200 mA/g - 2021 [52]
9 NTO@Mxene 207 mA h/g 0.1 A/g ~99% 2022 [53]
10  AC/Si/Mxene 580 mAh/g 200 mA/g ~99% This work

MXene—Encapsulated Silicon demonstrated a capacity of 550
mAh/g at 0.5C (~98% CE),*! while AC/V,C D MXene
recorded a capacity of 562 mAh/g at 50 mA/g (95.87% CE).*
It should be noted that even high-capacity materials such as
MnoCTy (764.7 mAh/g at 0.5C)*1 do not exhibit such stable
Coulombic efficiency, and some other MXene composites
(e.g., TioC or NTO@MXene) exhibit significantly lower
capacity values (225 and 207 mAh/g, respectively).[>05]

Thus, the synergistic effect between activated carbon,
silicon, and MXene in the AC/Si/MXene structure provides an
optimal combination of high capacity and stable process
reversibility, making this material competitive with existing
MXene-based anodes.

4. Conclusion
In this study, a hierarchical composite anode material based on
activated carbon, nanoscale silicon, and MXene was
successfully synthesized and characterized. Structural and
morphological studies confirmed the formation of a well-
dispersed porous architecture, while electrochemical testing
revealed a high initial specific capacity (>2000 mAh/g) and
stable cycling characteristics, with a reversible capacity of
~580 mAh/g after 80 cycles at a current density of 200 mA/g.
It should be especially noted that quantitative changes in
the composition directly affect the electrochemical parameters.
Pure nano-Si demonstrated a very high initial capacity (>1800
mAbh/g), but quickly degraded to ~400 mAh/g within the first
10 cycles. Activated carbon had a lower capacity (~300 mAh/g)
but high stability. MXene alone provided stability at ~100
mAbh/g, acting as a conductive matrix. Unlike these individual
components, the AC/Si/MXene composite combined their
advantages, delivering a significant improvement in stability
and reversible capacity. The synergistic effect is reflected in
quantitative improvements: capacity retention at 570-580
mAh/g at 200 mA/g and a Coulombic efficiency of
approximately 99%, surpassing many previously published
results for MXene- or Si-based systems. This confirms that
precise control of the component ratio and distribution is key
to achieving an optimal balance between capacity, stability,

Engineered Science Publisher

and reversibility.

Overall, the developed AC/Si/MXene composite
demonstrates high potential as a next-generation anode
material for lithium-ion batteries, combining high capacity,
improved cycling durability, and environmental friendliness
thanks to the use of activated carbon from agricultural waste.
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