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ABSTRACT: An eco-friendly one-pot hydrothermal method was developed to synthesize molybdenum disulfide/
graphene oxide (MoS,/GO) nanocomposites for high-performance supercapacitor applications. X-ray diffraction (XRD)
analysis confirmed the presence of the MoS, crystalline phase, with reduced peak intensities upon GO incorporation,
indicating suppressed crystallite growth. Scanning electron microscopy (SEM) revealed rod-like MoS, structures
uniformly distributed across layered GO sheets, and energy-dispersive spectroscopy (EDS) confirmed the presence
of Mo, S, C, and O elements. Raman and FTIR analyses verified strong interfacial interactions between MoS, and
GO. Brunauer-Emmett-Teller (BET) measurements revealed a mesoporous structure with a specific surface area
of ~31.7 m* g™! and a pore size centered at ~4 nm, facilitating efficient ion transport. Electrochemical performance
evaluated using cyclic voltammetry (CV) in 2 M KOH electrolyte demonstrated a high specific capacitance of 185 F g™
at 5 mV s™'. The quasi-rectangular CV curves and symmetric charge—discharge profiles indicate a combined electric
double-layer and pseudocapacitive behavior. The MoS,/GO composite also exhibited improved charge transfer
properties and superior cycling stability over 10,000 cycles compared to pristine MoS,. Density functional theory
(DFT) calculations revealed that graphene oxide has a higher density of states near the Fermi level than MoS,,
indicating enhanced quantum capacitance and faster electron-transfer kinetics. The synergistic integration of MoS;
and GO thus improves conductivity, structural stability, and electrochemical performance. These findings highlight
the potential of MoS,/GO nanocomposites as efficient electrode materials tailored for high-performance energy
storage devices.
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1 Introduction

Climate change and the depletion of fossil fuel reserves have made the urgent need for clean and
renewable energy sources more apparent. Simultaneously, technological advancements, particularly in
devices such as smartphones, tablets, and digital cameras, have significantly enhanced modern life. As
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a result of these innovations, per capita energy consumption has increased substantially [1]. To address
these challenges, researchers are increasingly focusing on low-cost and efficient energy storage solutions.
Among these, electrochemical capacitors, commonly known as Supercapacitors, have garnered substantial
attention owing to their outstanding properties, including excellent power density, rapid charge/discharge
kinetics, long-lasting cycle performance, and minimal environmental impact [2]. These attributes position
supercapacitors as promising candidates for meeting the growing global energy demand and accelerating the
transition to sustainable energy sources. Additionally, nanostructured materials have attracted significant
attention due to their outstanding mechanical, electrical, and optical properties [3]. Graphene is a unique
carbon nanomaterial (1D, 2D, 3D) with exceptional potential for supercapacitor electrode applications,
owing to its remarkable mechanical strength, outstanding conductivity, exceptional large surface area,
and high chemical stability [4]. Recently, extensive research has been conducted on graphene-based
metal sulfide composites for electrochemical energy storage, including InsS;/graphene, MoS,/graphene,
and NiS/graphene [5]. MoS;, a transition-metal dichalcogenide, exhibits great promise due to its layered
structure, consisting of a central molybdenum (Mo) intercalated within sulfur (S) layers and assembled by
weak Van der Waals interactions [6,7]. Such strong electron-electron interactions in Mo atoms, combined
with its unique layered structure, enhance planar electrical transport properties, making MoS; an excellent
choice for functional applications [8]. MoS, composites integrated with carbonaceous conductors, e.g.,
MoS;/graphene, MoS;/carbon nanotubes, and MoS;/mesoporous carbon, have been widely studied to
improve their performance for various applications, including as anodes for LIBs, hydrogen evolution, and
sensor technologies [9,10]. Using ammonium molybdate tetrahydrate and thiourea as precursors, we present
an environmentally friendly, one-pot hydrothermal production of molybdenum disulfide/graphene oxide
(MoS,/GO) nanocomposites. For supercapacitor applications, the synthesized MoS;/GO nanocomposite as
an electrode material exhibits exceptional electrochemical performance, with a capacitance per unit mass
of 185 F g™! at a 5 mV/s scan rate, and excellent cycle stability. The findings emphasize the possibilities of
MoS;/GO composites designed for advancing next-generation energy storage devices.

2 Materials and Methods

Ammonium molybdate tetrahydrate (NH4)sMo07;024-4H;0) (acquired from Sigma-Aldrich at 99.5%
purity) and Thiourea (CH4N;S) (acquired at 98% purity from Alfa Aesar laboratory) were employed as
precursors. Analytical-grade reagents and chemicals were acquired and employed directly, sans any
additional purification.

3 Characterization Techniques

A Rigaku Miniflex Advance diffractometer (Cu K« radiation, A = 1.541838 A) was employed to quantify
the phase of crystallinity. Optics: For MoS; and MoS;/GO, the 20 angle range is 5.0° to 80.0° in 0.04°
steps, and beta filtering is performed with graphite, an automated slit to control beam divergence, and a
monochromator. SEM characterization was utilized to analyze the sample’s morphology and identify its
constituent elements via energy-dispersive X-ray spectroscopy (EDS) (Make-Japan, Model-JSM-6700 F) at
an accelerating 10 kV potential. Fourier transform infrared (FTIR) spectroscopy (PerkinElmer) was used
to identify functional biomolecules in the 400-4000 cm™! range. For FTIR analysis, pellets were prepared
by thoroughly mixing 2 mg of the synthesized nanomaterial with 200 mg of KBr, then compressing the
mixture under high pressure. Raman spectra were recorded using a Renishaw RM-1000 Raman microscope
equipped with a 50x objective and a 532 nm He-Ne laser as the excitation source.
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3.1 Production of Graphene Oxide

The Hummers method, with modifications, was employed for GO synthesis [11], which involved
oxidizing natural graphite powder (20 um mesh, sourced from Sigma-Aldrich). Here, we present a modified
version without NaNOjs. Usually, concentrated H,SO4 (30 mL) was mixed with graphite powder (1.0 g)
while stirring in an ice-cooled bath to maintain the suspension temperature below 20°C. 4.0 g of KMnOy,
was added step by step (1 g at a 10-min interval) while vigorously stirring. Subsequently, the reactant
mixture was immersed in a water bath at 40°C and quickly agitated for approximately sixty minutes. After
adding 100 mL of double-distilled water, the solution was vigorously stirred for 45 min at 90°C. After
adding another 300 mL of double-distilled water, 3 mL of hydrogen peroxide (30%) was gradually added,
and the solution’s color shifted from dark brown to yellow (filtrate). Then, by centrifugation, the filtrate
was collected at 3000 rpm for 30 min, with the supernatant being decanted. The obtained solid material
was washed successively with 150 mL of double-distilled water and 100 mL of 30% HCIL. The supernatant
was decanted and initially washed twice with 200 mL of ethanol, followed by three washes with 300 mL of
double-distilled water each. The resulting solid was vacuum-dried at room temperature for eight hours.

3.2 Synthesis of MoS2 Nanoparticles

Ammonium molybdate tetrahydrate (NH4)sMo;04-4H,0), along with thiourea (CH4N,S), served
as precursors for the synthesis of the nanoparticles of MoS,. The first step involved mixing 4.48 g of
thiourea with 0.70 g of the tetrahydrate form of ammonium molybdate (NH4)sMo07024-4H,0) in 70 mL of
double-distilled water, stirring constantly until a clear solution was obtained. A black MoS; precipitate was
removed at the end of treatment. Afterward, the resulting solution was transferred to a 100 mL Teflon-lined
autoclave and heated to 180°C under 40 psi for 20 h. The obtained black precipitate was then thoroughly
rinsed with ethanol and double-distilled water to lower the solution’s pH to 3. Before being employed for
additional examination, the precipitates were lastly dried for eight hours at 60°C.

3.3 Synthesis of MoS2/GO Hybrid Nanocomposite

10 mg of GO was stirred into 50 mL of double-distilled water, along with 100 mg of MoS,. The solution
was ultrasonicated for 30 min; thereafter, it was transferred to a 100 mL autoclave with a stainless-steel body
lined with Teflon and heated for 12 h at 180°C. Thus, the as-synthesized MoS,-GO sample was obtained as

shown in Fig. 1.
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Figure 1: Schematic illustrating the hydrothermal synthesis of MoS,/GO nanocomposites.
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3.4 Electrode Preparation

A three-electrode cell configuration was employed for electrochemical impedance spectroscopy,
chronopotentiometry, and cyclic voltammetry measurements. The working electrode material, activated
carbon, and polyvinylidene fluoride (PVDF), combined at a weight ratio of 70:15:15, were well mixed using a
mortar and pestle. 600 puL of N-methylpyrrolidone (NMP) was used as a solvent to transform the previously
described mixture into a slurry. Activated carbon was used as a conductive filler, while PVDF was used
as a binding agent. A 1 cm? graphite sheet was employed as the test electrode in a three-electrode cell
configuration and was coated with the produced slurry. The active material mass per unit area of the
electrode is 0.95 mg. The counter and reference electrodes were a platinum wire and an Ag/AgCl electrode,
respectively.

4 Results & Discussion

4.1 X-Ray Diffraction Study

Fig. 2a represents the XRD intensity patterns for GO, MoS;, and the MoS,/GO nanocomposite material
with the diffraction peaks at 11.70° corresponding to the crystalline plane (001) for GO, whereas 14.5°, 33°,
39.30° and 58.50° correspond to (0 0 2), (1 0 0), (1 0 3) and (1 1 0) crystalline planes of MoS; [10]. When GO
is added, the intensity peaks of MoS; nanoparticles decrease. As a result, adding GO slows down the phase
transition and stops the crystallite from growing. MoS,/GO nanocomposites in Fig. 2a represents the new
peaks observed at 20 = 11.6°, 14.4°, 32.5°, 38.50°, and 57.90° that are indexed as (00 1), (002),(100),(10
3), and (1 1 0) [MoS, (0 0 2), (1 00), (10 3) and (1 1 0)] crystal planes are matching with the standard data
(JCPDS Card No. 37-1492) [12]. The purity of the produced MoS,/GO nanocomposites is confirmed by the
absence of any additional impurity peaks from a phase.

4.2 Raman Spectroscopic Analysis of MoS2/GO Nanocomposite

Raman spectroscopy was employed to elucidate the vibrational characteristics and structural integrity
of the synthesized MoS,/GO nanocomposite. The recorded Raman spectrum (Fig. 2b) exhibited distinct
peaks at 277, 330, and 372 cm™!, characteristic of MoS; [13]. The peaks at 277 and 372 cm™! correspond
with the E'5, (in-plane vibration of Mo and S atoms) and A;4 (out-of-plane vibration of S atoms) modes,
respectively. These modes confirm the presence of few-layered MoS,, indicated by the frequency difference
between the Ep,' and Ajz modes. In our study, the observed peaks at 277 and 372 cm™! are indeed shifted
compared to the ideal values. This shift can be attributed to several factors, including strong interaction
between MoS;, and GO in the nanocomposite, possible structural disorder, reduced layer thickness, strain
effects, and defect-induced phonon softening. Such shifts in Raman modes have been reported in the
literature for MoS;-based composites and defect-engineered systems [14,15]. In addition, the peak observed
at 330 cm~! may be attributed to second-order Raman scattering or defect-induced vibrational modes,
as reported in doped or composite MoS; systems, indicating a degree of structural distortion due to the

! are assigned to

incorporation of graphene oxide. Higher wavenumber features at 657, 816, and 991 cm™
vibrational modes involving oxygenated functional groups and possible Mo-O or S-O bonding [16], which
may arise from surface oxidation or interfacial interaction between MoS; and GO. These bands suggest a
strong chemical interaction at the MoS,/GO interface, possibly facilitating charge transfer processes in
photocatalytic or electrochemical applications. The broad bands at 1312 cm™! and 1595 cm™! represent
the D band and the G band, respectively, and are indicative of the graphene oxide (GO) component [17].

The D band arises from defect-activated breathing modes of sp? carbon rings, which become Raman-active
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in the presence of structural disorder or functionalization, whereas the G band is attributed to the E,,
phonon of sp? carbon domains. The intensity ratio (Ip/Ig = 0.82) provides insight into the level of disorder
and reduction of GO in the nanocomposite [18]. The observed spectral features confirm the successful
integration of GO with MoS, and suggest a synergistic interaction that could enhance the composite’s

functional properties.
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Figure 2: XRD Intensity patterns correspond to (a) GO, MoS,, and the MoS,/GO nanocomposite. (b) Raman
spectra of MoS,/GO nanocomposite. (¢) FTIR spectra of MoS,/GO nanocomposite. Nitrogen adsorption—desorption
isotherm and corresponding BET analysis of the MoS,/GO nanocomposite. (d) BJH pore size distribution curves of
the MoS,/GO nanocomposite derived from adsorption and desorption branches, showing a dominant mesoporous
structure with a narrow pore size distribution centered around ~4 nm, indicative of enhanced electrolyte accessibility
and efficient ion transport pathways. (e) N, adsorption—-desorption isotherm showing a typical Type IV profile
with a distinct H3-type hysteresis loop, indicating the presence of mesoporous structure with slit-shaped pores. (f)
Brunauer-Emmett-Teller (BET) plot in the relative pressure (P/P,) range of 0.12-0.28, exhibiting excellent linearity

for surface area determination.

4.3 Fourier Transform Infrared Spectroscopy Analysis (FTIR) of MoS2/GO Nanocomposite

The FTIR spectrum of the MoS,/GO nanocomposite Fig. 2¢c displays characteristic peaks, suggesting
the successful incorporation of both MoS;, and graphene oxide. The broad spectral absorption around
3204 cm™! is due to the O—H stretching vibration of hydroxyl groups and adsorbed water molecules on
the GO surface [19]. The bending mode of adsorbed water (H-O-H) is represented by the band at 1636
cm™!. and may also include contributions from aromatic C=C stretching within the GO sheets. A peak
observed at 1407 cm™ is associated with C-OH or C-C vibrational stretching modes, while the peak at
1105 cm™! can be ascribed to C-O-C epoxy group vibrations, confirming the presence of oxygen-rich
functional groups on GO [20]. Notably, the band at 917 cm™! may be attributed to Mo=0 and S-O stretching
vibrations, indicating partial oxidation at MoS, edges or surface defects [17]. Distinct absorption bands
at 710, 586, and 465 cm™! are characteristic of Mo—S bond vibrations, corresponding to out-of-plane and
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in-plane modes as well as lattice vibrations of the hexagonal MoS; phase, respectively. These findings
indicate that the MoS,/GO composite was successfully synthesized, with the structural features of both
components preserved.

4.4 Brunauer—-Emmett-Teller (BET) Analysis

To corroborate the SEM observations, nitrogen adsorption—desorption analysis was performed to
evaluate the surface area and porosity of the MoS,/GO nanocomposite. As shown in Fig. 2e, the isotherm
exhibits a typical Type IV profile with a pronounced hysteresis loop in the relative pressure (P/P;) range of
0.4-1.0, confirming the presence of a mesoporous structure. The hysteresis loop is classified as H3-type,
indicating slit-shaped pores formed due to the stacking and aggregation of layered MoS; nanosheets in
conjunction with graphene oxide sheets. This observation is consistent with the SEM results, which show
that incorporating GO prevents restacking and promotes the formation of a more open and accessible
porous network. The Brunauer-Emmett-Teller (BET) surface area was calculated from the linear region
of the isotherm (P/P, = 0.12-0.28), as shown in Fig. 2f, yielding an excellent linear fit (R = 0.9999), which
confirms the validity of the BET model. The specific surface area was approximately 31.7 m? g!, indicating
moderate surface development. The BET constant (C = 23.7) suggests moderate adsorbate—adsorbent
interactions, characteristic of physisorption.

Furthermore, the pore-size distribution profile obtained using the Barrett-Joyner—-Halenda (BJH)
method indicates that the nanocomposite predominantly consists of mesopores in the 2-50 nm range, with
a relatively narrow distribution. The presence of these mesopores is crucial, as they facilitate efficient
electrolyte diffusion and ion transport within the electrode matrix. The incorporation of GO sheets plays
a key role in tailoring this porous architecture by preventing the dense stacking of MoS, layers, thereby
enhancing pore accessibility and creating interconnected transport pathways. The pore size distribution
obtained from the BJH method (Fig. 2d) reveals that the MoS;/GO nanocomposite predominantly exhibits
mesopores centered at ~3—-10 nm, with a prominent peak near ~4 nm. The relatively narrow distribution
indicates a uniform porous architecture, which can be attributed to the effective prevention of MoS,
restacking by the incorporation of graphene oxide sheets. The desorption branch shows a sharper, more
defined peak than the adsorption branch, confirming the reliability of the pore structure analysis. Such
mesoporous characteristics are highly beneficial for electrochemical applications [21], as they facilitate rapid
electrolyte diffusion and provide efficient ion transport pathways [22,23]. The presence of interconnected
mesopores further enhances electrolyte accessibility, thereby improving the electrode material’s overall
electrochemical performance [24]. Overall, the combined BET and BJH analyses confirm that the MoS,/GO
nanocomposite possesses a well-defined mesoporous structure with improved electrolyte accessibility,
which is expected to significantly enhance its electrochemical performance in energy storage applications.

4.5 Morphological & Elemental Composition Characterization

Fig. 3 presents the scanning electron microscopy (SEM) images and elemental mapping results of GO,
MoS;, and the MoS,/GO nanocomposite. The SEM image of GO (Fig. 3a) shows a characteristic wrinkled
and sheet-like morphology with thin, layered structures. These folded and crumpled sheets exhibit the
typical exfoliated graphene oxide architecture, providing a high surface area and abundant active sites
that are beneficial for anchoring nanomaterials. The SEM micrograph of MoS, (Fig. 3b) reveals a rod-like
or stacked nanostructured morphology, with particles densely packed and irregularly oriented. Such
morphology is commonly associated with layered MoS; structures formed during synthesis, which enhance
catalytic and electrochemical activity due to their high edge exposure. The SEM image of the MoS,/GO
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composite (Fig. 3¢) clearly demonstrates the successful integration of MoS; nanostructures onto the GO
sheets. The MoS; particles are uniformly distributed across the graphene oxide surface, forming a hybrid
layered structure. The GO sheets act as a conductive support matrix, preventing agglomeration of MoS,
particles while enhancing surface area and charge-transport pathways. Elemental composition and spatial
distribution were further confirmed using energy-dispersive X-ray spectroscopy (EDAX) mapping. The
EDAX scanned image (Fig. 3d) illustrates the overall morphology of the analyzed region. Elemental mapping
of molybdenum (Mo L1) in Fig. 3e shows a homogeneous distribution of Mo throughout the composite
structure, indicating successful incorporation of MoS, within the GO matrix. Similarly, the sulfur mapping
(S Kac1) shown in Fig. 3f confirms the presence and uniform dispersion of sulfur elements, which correspond
to the MoS; phase. The uniform spatial distribution of Mo and S elements strongly verifies the formation of
the MoS,/GO composite without significant phase segregation. This homogeneous dispersion is expected
to enhance interfacial interactions between MoS; and GO, thereby improving electrical conductivity, active
surface area, and overall performance of the composite in electrochemical and catalytic applications.
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Figure 3: Scanning electron microscope images of (a) GO, (b) MoS,, (¢) MoS,/GO, (d) EDAX scanned image of
MoS,/GO, (e) Mo Lal, (f) S Kl mapped image.
4.6 Electrochemical Analysis

For electrochemical testing of pristine MoS; and MoS,/GO nanocomposites, the electrolyte used was 2
M KOH. Cyclic voltammetry was employed to assess the electrode material’s electrochemical behavior,
which is important for understanding the energy storage mechanism; specific capacitance was determined
from cyclic voltammetry curves using the formula [25].

/idVv
= M)
mvAV

where m represents the working electrode material mass in grams (g); v denotes the scan rate measured in
millivolts per second (mV/s); and AV corresponds to the operating voltage range in volts (V).
The charge-discharge kinetics were analyzed using chronopotentiometry. From the CP curves, the
formula given by expression (2) is used to determine the electrode material’s specific capacitance [26].
-
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In this equation, i denotes the current density (A), m represents the mass of the active material (g), AV
corresponds to the voltage window (V), and At is the discharge time (s).

The Electrochemical analysis of pristine MoS; is shown in Fig. 4a—d. The Cyclic voltammetry (CV)
curves in Fig. 4a illustrate the relationship between current and potential at scan rates ranging from 5 to
100 mV s™1. As the scan rate increases, the area enclosed by the cyclic voltammetry (CV) curve also expands,
reflecting superior capacitive behavior. The quasi-rectangular shape of the CV curves indicates a hybrid
of pseudocapacitive and electric double-layer capacitance (EDLC) characteristics, typical of MoS;,-based
electrodes. The Chronopotentiometric curves (CP) shown in Fig. 4b illustrate the voltage-time variation
over a range of current densities from 0.5 to 2.5 A g~!. The deviation from linearity in the curves suggests
the presence of faradaic reactions, further confirming the pseudocapacitive contribution. Discharge time
decreases with rising current density, suggesting a drop in specific capacitance.

The graph shown in Fig. 4c demonstrates the dependence of specific capacitance on scan rate. A
notable decline in specific capacitance is observed as the scan rate increases, indicating that ion diffusion is
hindered at higher scan rates, limiting electrode surface utilization. The graph depicted in Fig. 4d illustrates
how specific capacitance varies with current density.

1 0.7
—5mVs -1
0.0084 __ 10 mys! \ 0.5 Ag 1
—20mvs!
-1 1
0.0044 30 mVs _
—50mys! 2 1
_ -1 <
< 100 mVs é" 1
£ 0.000 - — 4
£ / - -
: /A 3
o [ — — 3 -
-0.004 El
s
~
-0.008 (a )
L} ] ] L] ) L} ) T T
01 00 01 02 03 04 05 06 07 150 200
Potential (V) vs Ag/AgCl Time (s)
160 - —Hl— MoS
L | 2 140 4 —— lleS2
\ .
~ 1404 n —
N i
&= S 1201
s 1204 2
= S
£ 1004 '\ g 1004 \
< 9
&} =
< 8 [
£ 80~ \ & TT——oe
5 1 \
-9 (]
w
o \ (d ) ®
C 60 T T T T T
( ) u 0.5 1.0 1.5 2.0 2.5
40 L} L] L] ) L}
0 20 40 60 80 100

. ]
Scan rate (mV s'l) Current density (A g')

Figure 4: (a) Cyclic Voltammetric curve of MoS,, (b) Charging-discharging curve of MoS,, (c) Calculated specific
capacitance under different scan rates, (d) Calculated specific capacitance under different current densities.

A steady decrease in specific capacitance is evident as current density increases, due to reduced ion
diffusion and limited access to the active surface area. This behavior reflects typical characteristics of
MoS; electrodes, which exhibit good rate capability but with a gradual decline in capacitance at higher
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current loads. Overall, the electrochemical analysis suggests that MoS; exhibits a combination of EDLC
and pseudocapacitive behavior, making it a good choice for energy storage applications [27].

The cyclic voltammetry (CV) plot in Fig. 5a illustrates the electrochemical behavior of the MoS,/GO
composite over a steady potential range of —0.1-0.7 V, recorded at scan rates varying from 5 mV/s to 100
mV/s. The quasi-rectangular shape of the CV curves indicates pseudocapacitive behavior arising from
faradaic redox processes and the electric double-layer capacitance at the active sites of MoS, and the oxygen
functional groups in GO [28]. At lower scan rates, the curves exhibit a well-defined quasi-rectangular
profile with clear faradaic contributions. This suggests sufficient time for ion diffusion and redox reactions
at the electrode interface [29]. As the scan rate increases, the current response grows proportionally,
indicating enhanced charge storage performance. However, at higher scan rates, the curves deviate slightly
from ideal rectangularity. This deviation is due to kinetic limitations, in which ion diffusion within the
electrode material becomes less effective, and the redox reactions become rate-limited. The increasing
peak currents of the anode and cathode with scan rate suggest a good reversibility of the redox reactions.
Additionally, the broad peak separation at higher scan rates indicates that charge-transfer kinetics are
slightly hindered by increased resistance or limited ion mobility [30]. This is characteristic of systems
where both diffusion-controlled and surface-controlled processes contribute to the overall capacitance [31].
Fig. 5b represents CP curves of the MoS,/GO composite measured at current density values varying from
0.5 A/g to 2.5 A/g, demonstrating excellent electrochemical performance. The CP curves exhibit nearly
linear, symmetrical charge-discharge characteristics, confirming high electrochemical reversibility and
capacitive behavior.

0.016 : . 0.7
——5mvs 10 mVs~ —o05Ag!
0.012 1 1 -1
——20mVs ———30mVs W —10Ag
< = -1
0.008 SomVs | 100 mvs g —15A¢g
-1
= T —20A
Z 0.004 £ i .
s — g ——25Ag
H . -
£ 0.0004 =
= £
© 2
-0.004 - I
=
s
-0.008 £
-0.0124
(a) (b)
-0.016 T T T T T T T 0.0 T T T T T
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 100 200 300 400 500
Potential (V vs Ag/AgCl) Time (s)
200
u 100
180 4 \
= 160 w2
by w 80+
g 140 8
[*]
s s
£ i 5
E 120 § 60+
o (]
g 1004 & e
S 5 \
[ [}
2 80 \. 8 404 ]
7] 7 w
60 (c) (d)
T L) T T L) T 20 T T T T T
0 20 40 60 80 100 0.5 1.0 1.5 2.0 25
Scan rate (mV s™) Current density (A g")

Figure 5: (a) CV curve of MoS,/GO, (b) CP curve of MoS,/GO, (c) Calculated specific capacitance under different
scan rates, (d) Calculated specific capacitance under different current densities.
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At lower current densities, such as 0.5 A/g, the longer discharge times reflect higher specific capacitance,
as ions have adequate time to access the electrode’s reactive sites. Conversely, at higher current densities,
such as 2.5 A/g, discharge times decrease due to the rapid charge/discharge process, which hinders
ion diffusion within the material. The absence of significant IR drops in the curves highlights the low
internal resistance and good composite’s electrical conductivity. The linear profiles suggest that the energy
storage mechanism is dominated by pseudocapacitive behavior, involving reversible faradaic reactions
and electric double-layer capacitance. The combination of MoS,, which provides redox-active sites, and
graphene oxide GO, which enhances conductivity and ion transport, synergistically adds to the high specific
capacitance of the material, good rate capability, and suitability for supercapacitor applications [32]. The
specific capacitance at different scan rates and current densities is shown in Fig. 5c,d. Fig. 6a depicts the
electrochemical impedance spectra, which illustrate the impedance behavior of the MoS,/GO electrode
before and after the cycling stability test. The graph consists of two distinct regions: a semicircular
high-frequency region and a linear low-frequency region. The semicircle in the Nyquist plot observed at
high frequencies corresponds to the charge transfer resistance (R¢t) at the electrode/electrolyte interface,
while the straight line at low frequencies corresponds to the Warburg impedance, which indicates ion
diffusion within the electrode material [33]. Before cycling, the electrode shows a smaller semicircle,
indicating reduced charge-transfer resistance (Rct) and improved electrical conductivity. After cycling, the
semicircle becomes slightly larger, suggesting an increase in charge transfer resistance due to electrode
degradation or reduced conductivity [34]. The straight line in the low-frequency region, which is closer
to 45° before cycling, reflects efficient ion diffusion within the electrode. After cycling, the slope of this
line decreases, indicating a slight decline in ion diffusion caused by structural changes or the loss of active
sites. The EIS results confirm that the MoS,/GO electrode maintains good conductivity and ion diffusion
properties even after cycling [35]. The slight increase in impedance underscores the composite material’s
stability and durability, making it a potential electrode for stable, long-term supercapacitor performance.

60

Before Cyclability (a) (b)
After Cyclability
581 ’ ; 160
40 3
= 1204
& H
& a0l :
N 2 801
&
20 o
40
10 4 - MOSZ
—0—MoS,/GO
0
“ L} L} L] L L] J ¥ o L
0 10 20 30 40 50 60 0 2000 4000 6000 8000 10000

Z’(ﬁ) Cycle Number

Figure 6: (a) The Nyquist plot of MoS;/GO electrode material; (b) Cyclic stability of MoS, and MoS,/GO up to 10,000
cycles.

The graph as depicted in Fig. 6b illustrates the cycling stability of MoS, and MoS,/GO, showing their
specific capacitance (F/g) over 10,000 charge-discharge cycles. The capacitance of MoS; initially decreases
and then gradually declines, indicating structural degradation, increased charge-transfer resistance, and loss
of active material over time [36]. In contrast, MoS,/GO maintains a consistently higher capacitance with
minimal fading, demonstrating superior electrochemical stability than MoS,. This enhancement is attributed
to the synergistic effect of GO, which provides a highly conductive network, reduces internal resistance, and



12 Chalcogenide Lett. 2026;23(4):5

prevents aggregation and restacking of MoS; nanosheets, thereby maintaining an active surface area for
ion diffusion. Additionally, the oxygen functional groups in GO improve electrolyte wettability, facilitating
efficient electrochemical reactions. The high capacitance retention of MoS,/GO indicates robust structural
integrity and resistance to electrode pulverization, making it a promising material for next-generation energy
storage devices such as lithium-ion batteries and supercapacitors. Table 1 summarizes the supercapacitor
performance of various MoS,-based electrode materials reported in the literature [37-45].

Table 1: Supercapacitor performance of various MoS, electrode materials.

S. No. Electrode Material Electrolyte Capascli)ticlifc:i: (F/g) II\’/I:rZs;lll(‘eittg Ref.
1 N-doped Graphene/MoS, 6 M KOH 227 1A/g [37]
2 MoS, nanosheets 1 M Na,SO, 129.2 1A/g [38]
3 Graphene/MoS, PVA/Na,SO, 202 10 mV/s [39]
4 MoS, nanoporous films 1 M LiOH 14.5 1A/g [40]
5 MoS; nanodots 6 M KOH 122 1A/g [41]
g O osheres | elctrobe 5452 147 (2]
7 MoS,-Co-C 6 M KOH 71 0.2 Alg [43]
8 MOS;{BZd(‘;\;Z‘éZg/i‘g’g)ene 1 M HCIO, 265 10 mV/s [44]
9 MoS,@FeS, 6 M KOH 186 1A/g [45]
10 MoS,/GO 2 M KOH 185 5mV/s This Work

4.7 Electrochemical Surface Area (ECSA) Determination

The electrochemical surface area (ECSA) was evaluated by analyzing the double-layer capacitance
(Cdl) derived from cyclic voltammetry (CV) measurements performed at varying scan rates (20-100 mV s™!)
in a non-faradaic potential window (~0.30 V). The capacitive current density (Aj = |ja — jc|) was calculated
by taking the difference between anodic and cathodic current densities at the selected potential. A linear
dependence of Aj on scan rate (v) was observed, consistent with ideal capacitive behavior. The relationship
follows:

Aj = 2Cdlv 3)

The slope obtained from the linear fit corresponds to twice the double-layer capacitance. The calculated
Cdl value is ~62 mF cm ™2, indicating a high density of electrochemically active sites.

In Fig. 7, the plot shows the variation of current density difference (Aj) as a function of scan rate
(20-100 mV s !) in the non-faradaic region. The linear fit (R* = 0.927) indicates predominant double-layer
capacitive behavior. The goodness of fit (R* = 0.927) confirms a reasonably linear capacitive response,
although slight deviations at lower scan rates suggest minor non-ideal contributions.

The slope was used to calculate the double-layer capacitance (Cdl), which was then used to estimate
the ECSA.

The ECSA was estimated using:

Cdl

ECSA = — 4
s ©
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where Cs (0.04 mF cm™2) represents the specific capacitance of a smooth surface in alkaline electrolyte. The
calculated ECSA is ~1550 cm?, indicating a significantly higher active surface area due to the material’s

porous, nanostructured morphology.

0.010{ = R2=0.9270
0.008 -
0.006 -

0.004 4

Aj(Alcm?)

0.002 -

0.000 4

20 40 60 80 100
Scan rate (mV/s)

Figure 7: Determination of electrochemical surface area (ECSA) using capacitive current analysis.

4.8 DFT Calculations
Structural and Computational Details

Both molybdenum disulfide (MoS,) and GO exhibit a hexagonal structure with the P63/mmc space
group (No. 194), as shown in Fig. 8a,b. The electronic structural properties and density of states of GO and
MoS; were investigated using first-principles density functional theory (DFT) calculations with plane-wave
basis sets and ultrasoft pseudopotentials, implemented in the Quantum ESPRESSO package [46].
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Figure 8: (a) MoS; in both top and side views; (b) GO in both top and tilted views.
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The exchange-correlation energy was described using the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional [47]. While the GGA-PBE functional is known to
slightly underestimate the absolute band gap compared to hybrid functionals, it reliably captures the key
qualitative features and trends in the electronic density of states discussed in this work. Plane-wave basis sets
with a kinetic energy cutoff of 65 Ry and a charge-density cutoff of 300 Ry were employed. The total energy
convergence criterion was set to be better than 1077 eV. A Monkhorst-Pack k-point mesh of 12 x 12 x 12 was
used for structural optimization and electronic structure calculations. The calculations in this work were
performed using a 3 x 3 x 1 supercell with periodic boundary conditions and a vacuum spacing of ~15-20 A
along the out-of-plane direction to avoid interlayer interactions. For the density of states (DOS) and partial
density of states (PDOS) calculations, a denser 31 x 31 x 31 k-point grid was applied. During cell relaxation,
the pressure convergence threshold was fixed at 10™* kbar, while the force convergence criterion for ionic
relaxation was set to 10~ Ry/Bohr. An analysis of the electronic band structures and density of states (DOS)
of MoS; and GO was carried out, and the results are shown in Fig. 9a—-d. By determining each system’s
minimum energy, lattice relaxation was achieved, allowing the lattice parameters to be optimized for each
system [48]. The optimal lattice values for the MoS; and GO compounds are 3.19 A and 2.49 A, respectively.
The atoms that contribute to the formation of the band structure are shown by comparing the density of
states (DOS) plots for GO and MoS,, which is shown in Fig. 10. At the same time, according to Marcus
formulation and Gerischer’s formulation, electrons are transferred from the metal/semiconductor electrodes
occupied electronic states. The nanoscale electrode DOS (p(E)) then determines the electron-transfer kinetic
rate (ket). It can be advantageous to investigate the quantum electronic states, as characterized by the
density of states (DOS), in nanostructured electrodes and to understand their dependence on the individual
materials in nanocomposites, given that nanomaterial composites operate in the quantum world. In the
quantum-mechanical case, capacitance is mostly determined by the density-of-states distributions of the
electrode materials. Quantum capacitance (Cq) is a phenomenon caused by the charging up of quantum
states at the atomic and molecular levels. Cq has a major influence on nanoscale materials, whereas its
effect is minimal in bulk materials. It is anticipated that selecting an appropriate nanomaterial with a
high Cq is essential for achieving the best possible electrochemical device performance, as the material
DOS is closely correlated with Cq (Cq « p(E)) near the Fermi energy (Ef) [49,50]. Increased availability of
electronic states typically results in increased electrical conductivity, as shown in Fig. 10. A higher DOS
may improve electrical conductivity by providing more electrons to participate in conduction [4]. In some
reactions, particularly those that require electron-transfer mechanisms, the material may thus perform
better. The density of states (DOS) near the Fermi level (Ef) for GO is noticeably higher than that of MoS,,
as illustrated in Fig. 10. According to earlier observations, electrons that are carried from the electrolyte to
the electrode surface occupy energy levels that are near the Ef [4,51]. As a result, GO electrodes are more
likely than MoS; to have a higher number of electrons occupying several energy levels. The greater DOS
at Ef, which leads to faster electron-transfer kinetics at the interface, is also observed in electrochemical
spectroscopy. In the present study, the GO shows better surface electrochemistry than MoS;, indicating
the great potential of these (and possibly the MoS;/GO composite) for the development of electrochemical
devices, including biosensors, batteries, supercapacitors, and electrochromic systems.
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5 Conclusions

In this work, we demonstrate that GO doping is an effective strategy for enhancing the electrochemical
properties of MoS,. GO/MoS; was characterized by XRD, which showed that upon GO addition, the intensity
of the MoS; nanoparticle peaks decreased. SEM revealed MoS; rod-like morphology with a layered structure,
and EDAX analyzed the elemental composition of Mo, S, O, and C. The density of states (DOS) analysis of
isolated systems indicates that graphene oxide (GO) exhibits a higher DOS near the Fermi level than MoS,,
which may be beneficial for supercapacitor electrode applications, such as in MoS;/GO nanocomposites.
However, in the actual composite system, charge transfer and Fermi level alignment between MoS, and GO
can influence the overall electronic structure. The DFT calculations also show that the 2D GO has a higher
DOS near the Fermi level than MoS,, indicating an enhanced quantum capacitance, which is advantageous
for supercapacitor electrode materials such as MoS;/GO nanocomposites. Electrochemical analyses using
the MoS,/GO nanocomposite showed an enhanced specific capacitance of 185 F g~!. Higher DOS may
improve electrical conductivity by providing more electrons to participate in conduction, as measured at
a scan rate of 5 mV s™!. By powering a real-world gadget, our work demonstrates practical utility and
deepens our understanding of material modifications for energy applications.
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