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ABSTRACT: Two-dimensional (2D) materials like molybdenum disulfide
(MoS;) are promising for energy storage due to abundant active sites and short
ion diffusion paths. However, MoS, nanosheets tend to restack, reducing
surface area and electrochemical performance. To overcome this, MoS, was
integrated with MXene, a conductive 2D material, forming a heterostructure
composite. X-ray diffraction (XRD) confirmed the crystallinity, Raman
identified the structural properties, while FESEM showed uniform MoS,
distribution on MXene sheets. Electrochemical performance was evaluated in
three different ageuous electrolytes (6M KOH, 1M H2SOs, and 0.5M Na2SOs)
using cyclic voltammetry and galvanostatic charge-discharge tests. Nickel
foam and PVDF were used as the current collector and binder, respectively,

ISSN: 1985-3157 e-ISSN: 2289-8107 Vol. 19 No.3 September — December 2025 67


https://creativecommons.org/licenses/by-nc-nd/4.0/

Electrochemical Performance for Mxene-Mos2 Heterostructure Hybrid Electrode Supercapacitor
in Different Aqueous Electrolytes

contributing to mechanical and electrochemical stability. Specific capacitance
og hybrid electrode at scan rate 1ImA showcased 6M KOH (80.410 Fg) with
highest value followed by, 1M H250s (1.901 Fg), and 0.5M Na2SOs (3.847 Fg-
1). These findings underscore MXene’s role in enhancing MoS, capacitive
properties and emphasize the importance of MXene delamination in
optimizing supercapacitor electrode performance, while exploring different
electrolytes interaction with the hybrid electrode.

KEYWORDS: MXene/MoS, hybrid; heterostructure composite; supercapacitor;
specific capacitance; cyclic stability

1.0 INTRODUCTION

Two-dimensional (2D) materials have garnered significant attention
due to their exceptional structural and electrochemical properties,
making them promising candidates for next-generation energy storage
systems [1]. In the era of Industry 4.0, there is a growing demand for
portable, grid-independent energy devices such as supercapacitors.
Among various 2D materials, molybdenum disulfide (MoS,) has
emerged as a potential electrode material owing to its abundant
adsorption sites and short ion diffusion pathways [2, 3, 4], as shown in
Figure 1.

»h

Figure 1 : Atomic structure of MoS:z

However, its practical application is hindered by issues such as layer
restacking and volumetric expansion during ion intercalation, which
result in capacitance decay and mechanical degradation [4, 5]. To
address these limitations, this study proposes the development of a
MoS,/MXene hybrid heterostructure, since heterostructure or hybrid
2D/3D architecture able to avoid layers restacking thus producing
increased electroactive area [4, 6] with higher capacitance [7, 8, 9].
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Pollack and coworkers also outlined that exploration study on MXene
and MoS: hybrid materials remain unexplored [10]. MXene is a 2D
structure which derived from MAX phase and its composition is
Mn+1AXn (n=1,2,3), where M is an early transition metal (M=Ti, Sr, Cr,
Ta and etc), A represented the elements mainly from group IIIA and
IVA, and lastly X is either C or N (carbon or nitrogen) but it could also
be both [4, 5, 8, 9]. MAX is the structure which inter-growing with
packed A layers and alternatively stacking of MX layers [5, 6, 9]. It is
also known for its excellent electrical conductivity and interlayer
tunability, offers a promising platform for enhancing the
electrochemical performance of MoS,-based electrodes [7].

Taking account of considerations above, this project aims to optimize
the composition of the MoS,/MXene hybrid using hydrothermal
synthesis and evaluate its electrochemical behavior in various aqueous
electrolytes. Comprehensive characterization and electrochemical
testing will be conducted to determine the sample with the highest
specific capacitance. The synergistic effects between MoS, and MXene
are anticipated to enhance charge kinetics and structural stability,
potentially achieving high specific capacitance with excellent cyclic
durability. This work contributes to the development of advanced
functional materials for high-performance energy storage applications;
the novelty of current study is utilization of heterostructure MoS:/TisC2
MXene hybrid electrode in different aqueous electrolytes for
supercapacitor applications.

20 MATERIAL AND METHODOLOGY

2.1 Synthesis of TisC: MXene and MoS:

To prepare MXene TizC,, titanium aluminum carbide (TizAlC,) powder
was slowly added into a 40% HF solution and stirred continuously for
24 hours at room temperature. After the reaction, the mixture was
washed several times with deionized water and centrifuged at 3500
rpm for 5 minutes until the pH was above 6.0. This step was done to
remove the aluminum content. Finally, the sample was dried in a
vacuum oven at 50 °C for 12 hours. For MoS, preparation, thiourea and
ammonium molybdate tetrahydrate ((NH4)sM070244H,O) were
dissolved in deionized water and stirred thoroughly until a uniform
solution was formed. The mixture was then transferred into a Teflon-
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lined stainless-steel autoclave. The precursor was heated to 210 °C for
40 minutes and maintained at that temperature for 18 hours. After that,
the autoclave was allowed to cool naturally to room temperature.

2.2 Synthesis of M0S:/TisC. MXene Hybrid

To prepare the hybrid material of MoS, and TisC. MXene, as-
synthesized MoS: powder was combined with an amount gram of TisC2
MXene powder prepared beforehand in a solution of N-
methylpyrrolidone (NMP) in room temperature. This mixture was
continuously stirred in range of 800 — 1000 rpm to ensure homogeneity.
The resulting solution was then transferred into a Teflon-lined
stainless-steel autoclave with a capacity of 28 milliliters. The
hydrothermal process was conducted at a temperature of 200 °C under
a pressure exceeding 1 atm, with a heating duration of 8 hours.
Subsequently, the synthesis process followed the same steps used to
prepare pure MoSy, including the drying phase. After the reaction, the
MoS,/TisC, MXene powder was collected for further use. Five different
MoS;:MXene ratios (1:9, 3:7, 5:5, 7:3, and 9:1) were prepared.

2.3 Selection of Current Collector, Binder Type, and Binder Ratio

Selection of a current collector plays a crucial role in determining the
overall performance of a supercapacitor. Among the commonly used
materials, grafoil paper and nickel foam was chosen due to their
distinct structural and electrochemical properties. The electrochemical
performance of grafoil paper and nickel foam as current collectors used
in supercapacitors were evaluated through CV measurements
conducted in a three-electrode setup; where the working, reference and
counter electrode are current collector, Ag/Ag+ and platinum wire,
respectively. The experiments were performed in a 6 M KOH aqueous
electrolyte. The voltage range was set from 0.0 V to 1.0 V with a scan
rate of 100 mV/s, selected to assess performance at high scan rates.

Then, the binder selection is critical for ensuring the performance and
stability of supercapacitor electrodes. Polytetrafluoroethylene (PTFE)
and polyvinylidene fluoride (PVDF) are commonly used binders. In
this study, the working electrode was prepared by mixing 80 wt% MoS,
powder, 10 wt% Super P (TIMCAL) conductive carbon, and 10 wt%
binder to form a uniform slurry. This slurry was then coated onto nickel
foam with a diameter of 15 mm. The mass loading of the active material
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ranged between 0.6 and 1.2 mg. To evaluate structural stability, the
prepared samples were immersed in an electrolyte solution for one
month.

For binder ratio, optimizing the electrode formulation which in this
study, PTFE, can help improve the reliability of the electrodes. The
MoS,; electrodes were prepared based on the compositions listed in
Table 1 with binder ratios 5%, 10%, and 20%.

Table 1: Floating-point operations necessary to classify a sample

Sample name Sample 1 (S1) Sample 2 (S2) Sample 3 (S3)
Ratio MoSz: MoSz: MoS:2: AB:
AB: AB: PTFE
PTFE PTFE (70:10:20)
(85:10:5) (80:10:10)
Average 0.675 mg 0.845 mg 1.29 mg
mass

2.4 Preparation of MoS2/Ti3C2 MXene Hybrid Supercapacitor
Electrode

For electrode preparation, PTFE was used as a binder, acetylene black
as the conductive agent, N-methylpyrrolidone (NMP) as the solvent,
and potassium hydroxide (KOH) as the electrolyte. The electrode
slurry was prepared by varying the ratio of active material, binder, and
conductive additive according to the experimental design. Once all the
samples were prepared, they were mixed and stirred in NMP solvent
for at least 5 hours to ensure the slurry was properly mixed and well
dispersed. After that, the stirring process continued for another 2-3
hours until a consistent slurry was obtained. The slurry was then
coated onto nickel foam, which was used as the current collector, using
a simple slurry coating method. The electrodes were then left to dry.
The fabrication of the MoS,/MXene hybrid is carried out via the
conventional slurry coating method, where Ti;C, MXene and MoS; are
dispersed in a suitable solvent to form a uniform slurry. This slurry is
then applied onto a substrate to form the electrode.

2.5 Morphological and Structural Characterization

To analyze the structural and morphological properties of pristine and
hybrid material, a combination of advanced characterization
techniques is employed. These include X-ray Diffraction (XRD) to
determine crystallinity and phase composition[Brand: Ringaku
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Miniflex Benchtop, 20 (degree) ranges from 0°-90°, X-Ray Tube:
Copper with scan voltage 40 kV] , Raman spectroscopy to assess
structural features [Brand: Rigoku, resolution of 0.01 to 0.10 in 2-theta,
equipped with a 0.5 to 2.5 A laser excitation source, 532nm], Field
Emission Scanning Electron Microscopy (FESEM) [Brand: HITACHI
SU4500, accelerating voltage range of 0.5-30 kV, resolution of the
instrument is 1.2 nm at 30 kV and 3.0 nm at 1 kV, with a magnification
range of 20x to 800,000x]. Material characterization was carried out
using pristine MXene, MoS,, or the hybrid materials, with or without
the addition of conductive agents such as acetylene black.

2.6 Electrochemical Performance Analysis

The electrochemical behavior of the hybrid electrode is evaluated using
Cyclic Voltammetry (CV) and Galvanostatic Charge-Discharge (GCD)
techniques [WonATech Multichannel Potentiostat/Galvanostat, Model:
WMPG1000S]. These methods provide insights into specific
capacitance, rate performance, and cyclic stability. Electrochemical
measurements are performed in three aqueous electrolytes, such as
KOH, NaOH, and H,SO, to assess the ion intercalation behavior and
its influence on performance.

Electrochemical evaluations were conducted using a two-electrode
system in 6 M KOH electrolyte. CV measurements were performed
within a voltage window of 0.0-0.6 V at scan rates of 10, 20, 50, and 100
mV s, while GCD measurements were conducted from 0.0-1.0 V at
various currents ranging from 0.5 to 2.0 mA. After the CV and GCD
analysis were conducted, specific capacitance from each approach will
be calculated by using the equation as below:

C = A
P mR(V, — V)

Which (V2-Vi) = potential window, m= average active mass per
electrode, R= scan rates, and A= area under curves. The equation for
calculating specific capacitance in the GCD approach is shown below.

I'xAt I, (At)
mxAV AV

Specific Capacitance , Cg, =

Which I= current applied, m= average active mass of electrode, At =
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time difference, In= current densities, and AV= voltage difference

3.0 RESULTS AND DISCUSSION
3.1 Morphological and Structural Characterization

XRD was used to identify the phases present in MXene, MoS,, and the
hybrid MXene/MoS, electrodes. The corresponding XRD patterns are
shown in Figure 2 a). The XRD pattern of the exfoliated MoS, shows
prominent peaks at 20 angles of 14.6°, 33°, 36.1°, 39.7°, 50°, and 60.6°,
corresponding to d-spacing values of 6.07, 2.72,2.49, 2.27,1.82, and 1.53
A. This suggests successful integration of MXene into the MoS,
structure. Additionally, the absence of a peak near 38°, typically
associated with the Al layer in the MAX phase, confirms the effective
removal of aluminium during MXene synthesis [5, 8].

Meanwhile, the Raman spectra, as shown in the Figure 2 b), display
three distinct profiles corresponding to MoS,, TisC, MXene, and the
TisC, MXene/MoS, hybrid. Each spectrum reflects the characteristic
vibrational modes of the respective materials. These features are
associated with Ti-C bond vibrations and surface terminations
characteristic of MXene materials. The hybrid spectrum combines
features from both individual components. It retains the MoS; peaks in
the 400-450 cm™ range while also exhibiting additional peaks likely
associated with MXene or interactions between MoS, and MXene.
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Figure 2: (a) XRD patterns of MoSz, TisC2 MXene, and TisC2/MoSz; (b) Raman
spectra of the sample’s study
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3.2 Selection of Current Collector, Binder Type, and Binder Ratio

From the three-electrode system, CV analysis conducted for grafoil
paper and nickel foam current collector, it was found that CV curves
from both current collectors displayed a near-rectangular shape as
shown in Figure 3(a) and 3(b); indicative of electric double-layer
capacitor (EDLC) behavior. The corresponding data is tabulated in
Table 2.

Table 2: Cy results of Grafoil paper and Ni foam in 100 mVs-!

Area under Scan rates Average active Specific
Samples .
curves (mVs1) mass (mg) Capacitance (Fg)
Ni foam 0.025627 100 159 1.612
Grafoil 0.001778 100 42 0.4233

In summary, nickel foam demonstrated the highest specific
capacitance, with a Csp value of 1.612 F/g, attributed to its low contact
resistance and superior EDLC characteristics. Due to its favorable
performance, cost-effectiveness, and sustainability, nickel foam was
selected as the current collector in this study [12].

For binder type study, visual inspection between electrode using
binder PVDF (left-side petri dish) and PTFE (right-side petri dish) as
shown in Figure 3 (c) initial immersion, and 3 (d) after 1 month. It
showed minimal physical changes, indicating good structural integrity
of the electrode [13]. These findings suggest that the chosen current
collector and binder combination is stable under prolonged exposure
to electrolyte, making it a suitable candidate for long-term use in
supercapacitors and similar energy storage devices.

Meanwhile, Figure 3 (e) shows a condition of surface morphology of
the Ni foam before and Figure 3 (f) after undergoing the experiment.
The results showed minimal changes for electrode that coated with
PTFE binder, indicating that the current collector remains stable when
exposed to the electrolyte unlike the other sample which showed
electrode peeling after 1-month immersion. This suggests PTFE binder
can maintain its electrode’s structure over time, making it suitable for
long-term use in energy storage devices like supercapacitors or
batteries. For this supercapacitor study, PTFE was selected as the
binder due to its strong hydrophobic properties, which help ensure
long-term durability and performance.
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Figure 3: CV rates of (a) Grafoil paper and (b)Ni foam in 100 mVs-; Sample
with different type of binders, (c) initial physical observation of electrode
immersion in 6M KOH electrolyte [left PVDF, right: PTFE] (d) after one month
of immersion; FESEM images of Ni foam (e) before and (f) after experiment in
70x magnification; (g) Cycling stability tested at applied current of 2 mA in 6M
KOH electrolyte.
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CV curves of MoS; electrodes with varying PTFE binder ratios, 51(5%),
52(10%), and S3(20%) showing near-rectangular shapes at higher scan
rates, indicative of good EDLC behavior and low contact resistance.
Among the tested samples, Sample 2 achieved the highest Csp value of
40.94 F g' at 10 mV s7, followed by Sample 1 (18.58 F g') and Sample 3
(9.83 F g). Further, cycling stability was assessed by repeating GCD
tests for 5,000 cycles at 2 mA as shown in Figure 3 (g). Capacitance
retention for Samples 1, 2, and 3 were 85%, 91%, and 46%, respectively,
with Sample 2 (10 wt% PTFE) showing the highest stability [14]. To
summarize, although 5 wt% and 20 wt% PTFE ratios showed good initial
performance, the 10 wt% PTFE binder provided superior capacitance
retention and stability. Therefore, this binder ratio was selected for
fabricating the Ti;C, MXene/MoS; hybrid electrode used in this study.

3.3 Electrochemical Performance MoS:/TisC2 MXene Hybrid
Supercapacitor Electrode

CV is a fundamental electrochemical technique used to evaluate specific
capacitance by applying a cyclic potential scan within a defined voltage
range and recording the current response [15, 16]. The shape and area of
the CV curves provide insights into charge storage behavior, capacitive
performance, and redox activity. Specific capacitance is determined
from the curve area, with larger areas corresponding to higher charge
storage capacity. Additionally, scan rate-dependent CV analysis offers
information on ion diffusion and electrochemical kinetics, supporting
the assessment of electrode suitability for supercapacitor applications
[17].

Subsequently, the selected samples were subjected to further analysis.
Figure 4 presents the CV curves and corresponding data for the TizC;
MXene/MoS,; electrode tested in three different electrolytes: 6 M KOH, 1
M H,SO,, and 1 M Na,SO, electrolyte. The results highlight the influence
of electrolyte type on the electrode’s electrochemical performance.
Among the tested electrolytess, KOH demonstrated superior
performance due to its high ionic conductivity and rapid ion diffusion,
making it suitable for high-power supercapacitor applications. In
contrast, Na,SOs showed moderate conductivity, suggesting its
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suitability for applications emphasizing long-term stability and
durability. H,SO, offered high conductivity, but its use requires careful
assessment of material compatibility due to potential reactivity with the

electrode.
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Figure 4: CV of the hybrid electrode in 3 different type or electrolytes; a) in
6M KOH, b) 1M H2504 and c) 1M Na2504

Table 3: Specific capacitance of the hybrid electrode in different electrolytes

Active Scan rates Area under the Spe'c1f1c
Electrolyte i . capacitance
mass (mVsT) curve (unit?)

(Fg")

1 20.778 80.410

51.222 39.645

6M KOH 3.87 10 82.798 32.043
50 300.98 23.300
100 455.20 17.616

1 0.737 1.901

5 1.017 0.528

1M H2S04 2.58 10 1.531 0.395
50 7.692 0.400

100 8.101 0.209

1 1.369 3.847

5 3.664 2.059

0.5M

NasSOs 2.81 10 5.742 1.614
50 67.526 3.795

100 81.001 2.276
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The intercalation mechanism in KOH electrolyte involves the insertion
of potassium ions (K*) into the layered structure of MoS, or MoS,/MXene
composites. The high ionic conductivity of KOH facilitates rapid ion
transport, which enhances the electrochemical performance of
supercapacitors [18]. The incorporation of K* ions in hybrid
heterostructures increases charge storage capacity by promoting electric
double-layer formation at the electrode interface. This process improves
overall capacitance while maintaining structural stability during
cycling, thereby supporting long-term performance. For sulphuric acid
electrolyte, it splits into sulfate (5O*) and hydrogen ions (H*), and the
larger ion concentrations are what give the electrochemical properties —
specifically, its capacitance; bringing interactions take place between
protons in the acidic solution and terminations on the surface of the
hybrid electrodes [19].

On the other hand, sodium sulfate the other neutral medium for ion
intercalation, primarily through Na* ions with high mobility that enable
effective penetration into hybrid heterostructures. Its neutral nature also
minimizes corrosion within the electrochemical system. Neutral
electrolyte also mentioned to be having lower self-discharge compared
to acidic- and alkaline-based electrolyte [20], noting the exploration
towards slow and stable discharging ion transfer. The mechanisms of all
electrolytes are illustrated in Figure 5.
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Electrolyte

‘ Separator ‘

Figure 5: Electrolyte intercalation mechanism for 3 type or electrolytes;
a) in 6M KOH, b) 1M H250s4 and c) 1M Na2SOs

40 CONCLUSION

In this study, a hybrid electrode was successfully fabricated by
combining MoS; and TizC; MXene using a hydrothermal synthesis
method. Three types of electrolytes were employed: three aqueous
electrolytes (6 M KOH, 1 M H,SO,, and 0.5 M Na,SOy). The optimized
composition was identified as 70% TizC, MXene and 30% MoS,, based
on superior electrochemical performance. Structural characterization
confirmed the successful synthesis of the hybrid material. XRD
confirmed the crystalline nature of the heterostructure and the
deposition of TizC, MXene onto exfoliated MoS,. FESEM revealed the
characteristic layered morphology of TisC, MXene, consistent with the
removal of aluminum from TizAlC,. Electrochemical testing was
conducted using CV and galvanostatic GCD. The hybrid electrode
exhibited favorable energy and power densities, making it suitable for
both symmetric and asymmetric supercapacitor applications. The
triangular shape of the CV curves and the consistent performance
across charge—discharge cycles confirm the capacitive behavior and
efficient ion transport properties of the material. These findings suggest
that the MXene/MoS; hybrid is a strong candidate for next-generation
energy storage devices.
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