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Abstract. Supercapacitors and micro-supercapacitors are promising capacitive energy storage
devices for portable electronics and microelectromechanical systems. However, their low volumetric
energy and power density as compared to batteries might limit them from many practical applications.
In this research, the low-dimension MoS,/graphene oxide nanocomposite (MoS,/C NC) was
successfully synthesized by a simple hydrothermal approach and utilized as an electrode material
for supercapacitor applications. The obtained materials were systematically investigated by various
characterization techniques. FE-SEM and HR-TEM were employed to examine the surface
morphology, microstructure, and crystallite size. Meanwhile, XRD, EDS, XPS, Raman spectroscopy,
and FTIR spectroscopy were used to determine the phase and chemical composition of the synthesized
samples. The electrochemical capacitance properties were measured by CV and EIS techniques. FE-
SEM and HR-TEM results reveal that ultrathin two-dimensional MoS; crystals were grown irn-situ on
the graphene oxide surface, forming a porous three-dimensional (3D) architecture. The thickness and
average lateral size of MoS; crystals determined by HR-TEM were around ~1.8-3.5 nm (~3-6 nm
layers) and ~200-300 nm, respectively. The results of XRD, Raman, and XPS studies confirm that
the as-grown MoS; crystals have a predominantly hexagonal phase structure (2H-MoS,). The thin-
film electrode based on MoS,/ NC exhibits a high specific capacitance of ~118.5F g at 1 A g, along
with a large electrochemically active surface area of ~218.0 m* g™, It also delivers a high energy
density of ~88.0 Wh kg™ and a power density of ~367.0 W kg'. Combined with its low charge-transfer
resistance, these features highlight the strong potential of the synthesized MoS,/C NC for
supercapacitor applications.
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1. INTRODUCTION

Controlling the electrostatic charge and discharge of the electrochemical double layer at the
electrode—electrolyte interface of high—specific surface area materials is crucial for energy storage
devices such as supercapacitors. These devices store energy through the formation of a charged
double layer of electrolyte ions on the surface of the electrode materials [1]. Therefore, the charge
density or energy density of a supercapacitor depends mainly on the surface area of the electrode
materials. The performance of supercapacitors is influenced by several factors, including
electrode materials, separators, electrolytes, and fabrication techniques [2]. Among these,
electrode materials play a dominant role in determining capacitance and energy density.
Therefore, an effective strategy to enhance energy density is to employ electrode materials with
a high specific surface area.

In this regard, graphene - a monolayer of carbon atoms covalently bonded through sp’
hybridization in a hexagonal crystalline lattice - has attracted significant attention due to its
outstanding physicochemical properties [3]. These include a high charge carrier mobility of
~2x10° em®* V™' s7' [4, 5], a large specific surface area of ~2630 m* g”' [6], and semi-metallic
behavior with a zero bandgap [5], which are advantageous for controlling the electrostatic charge
and discharge of the electric double layer at the electrode—electrolyte interface. Such interesting
physical properties that turn graphene to become a promising platform for various applications,
including fuel cells [7], Li-ion batteries [8, 9], and supercapacitors [7, 10]. Unfortunately,
graphene exhibits low efficiency in supercapacitors due to its insufficient charge-storage
capability.

Recently, molybdenum disulfide (MoS:) has emerged as one of the most attractive two-
dimensional (2D) materials, belonging to the transition metal dichalcogenide family [11]. Like
graphene, 2D-MoS:; exhibits a layered (lamellar) structure in which molybdenum (Mo) atoms are
covalently bonded to sulfur (S) atoms, forming a monolayer with an S—-Mo—S configuration.
These monolayers stack together via weak van der Waals interactions along the [001] direction,
forming bulk MoS, crystals [12]. MoS; exhibits its charge storage capability by forming electric
double-layers of charged carriers at their contact interface with electrolytic medium (double-layer
capacitance mechanism) and by faradaic charge transfer interlayer or intralayer on the Mo centers
whose oxidation states can occupy between +2 and +6 (pseudo-capacitance mechanism). These
characteristics result in significantly high energy density for supercapacitor applications with
unlimited charging/discharging cycles. Nevertheless, low carrier mobility of 2D-MoS; (~0.5-3.0
cm’ V™' s7') material limits most of its efficiency in such energy storage devices as batteries or
supercapacitors [13]. Very recently, the incorporation of MoS: into graphene or graphene oxide
(GO) has attracted significant attention due to the enhanced performance and stability of the
resulting composites across a wide range of applications, including energy storage/conversion
and biomedical fields [14,15]. It is expected that the combination of two of these materials from
van der Waals solids or from the covalent bonding materials will allow full use of their advantages
and mitigate their disadvantages [16]. Currently, various methods have been developed to
synthesize MoS,/graphene composites, such as solvothermal, hydrothermal [17-20], chemical
vapor deposition [21], van der Waals epitaxy [22], sonication [23], microwave [24], and liquid-
phase exfoliation [25]. Among them, hydrothermal method is the most common method to
prepare MoS,/graphene composites. This method offers several advantages, including relatively
low synthesis temperatures and pressures, uniform mixing of precursors, and precise control over
the morphology and size of both MoS; and GO components. It is also suitable for large-scale
production and enables the uniform dispersion of MoS, on graphene sheets, thereby enhancing
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interfacial interactions and overall material properties. Therefore, it is expected to become one of
the primary approaches for industrial production of high-performance MoS,/GO nanocomposites.
In this research, we propose a simple hydrothermal method in which nanostructured 2D-MoS;
crystals were grown on GO nanosheets to produce MoS,/C NC material. We then studied the
specific capacitance and electrochemical characteristics of a thin film electrode made from the
resulting MoS,/C NC for supercapacitor applications. Interestingly, incorporating nanocrystalline
2D-MoS; structures into the GO matrix leads to a significant enhancement in the specific
capacitance of the resulting MoS,/C nanocomposite electrode, along with excellent cycling
stability and low electrical resistance. This opens the prospect of its employment in supercapacitor
applications.

2. MATERIALS AND METHODS

2.1. Materials

Graphite powder (99.8 %) was commercially obtained from Sigma-Aldrich (St. Louis, MO,
USA). Concentrated phosphoric acid (H3;PO4, 85 %), sulfuric acid (H2SO4, 98 %), potassium
permanganate (KMnOs, 98 %), hydrogen peroxide (H20,, 30 wt%), ammonium molybdate
tetrahydrate ((NH4)sM07024.4H,0, 98 %), thioacetamide (CH3CSNH», 98 %), and ammonia
solution (NH4OH, 25 wt%) were purchased from Merck Chemicals Co., Ltd. (Germany).
Deionized water (Milli-Q, 18 MQ-cm) was provided by Millipore Corp., Billerica (MA, USA).
All reagents used in the experiments were of analytical grade and were used without further
purification.

2.2. Fabrication of MoS;/graphene oxide nanocomposites (MoS,/C NCs)

In this work, in the first step, the GO nanosheets were synthesized from the chemical
oxidation of graphite flakes with KMnOy in a mixture solution containing H>SO4 and H3POs.
Details of the GO synthesis process are presented in [26-29]. Then, the MoS»/graphene oxide
nanocomposites (MoS,/C NCs) with molar ratio of Mo*" (~1.5):C (~1) were synthesized by a
simple hydrothermal technique. Briefly, an amount of ~0.1506 gram of (NH4)sMo07024.4H,0 and
0.3069 gram of CH;CSNH, were added to a volume ~100 mL of GO (~1.0 g L") dispersion, and
then submitted to ultrasonication in bath water for ~1 hour (at 37 kHz, kept at ~30 °C), resulting
in a homogeneous suspension. The obtained suspension was then adjusted to pH of ~5-6 by
addition of an appropriate volume of NHj3 solution. Next, the mixture was transferred into a 125
mL Teflon-lined stainless steel autoclave reactor (Parr Instrument Company, Moline, 1L, USA,
~80 % volume filled) and heated at 230 °C for 2 hours with a heating rate of ~10 °C min™'. After
that, the autoclave reactor was removed from the furnace and allowed to cool naturally to ambient
temperature. Then, the synthesized products were washed multiple times with deionized water
and ethanol solution before being collected by centrifugation. Finally, the resultant products were
dried in a vacuum furnace at 60 °C for 24 hours before being utilized to characterize the
properties. For comparison, bare MoS; nanocrystals were prepared under identical conditions,
except that the GO dispersion was omitted from the precursor solution.
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2.3. Characterization
2.3.1. Morphology and microstructure

The crystal structure and phase composition of the MoS,/C NCs were analyzed by X-ray
diffraction (XRD) using a Bruker D8 Advance diffractometer (Bruker, Germany) with CuKa
radiation (A = 1.54178 A), operated at 40 kV and 200 mA. Data were collected over a 20 range of
5-70°, with a step size of 0.0194° in continuous scanning mode. The morphology and structural
features of MoS,/C NCs were examined using a JEOL JEM-2010 high-resolution transmission
electron microscope (HR-TEM, JEOL Ltd., Tokyo, Japan) operated at an accelerating voltage of
200 kV. The chemical composition and elemental mapping were characterized using scanning
transmission electron microscopy (STEM, JEM-ARM200F, JEOL Ltd., Japan) operated at 200
kV and equipped with energy-dispersive X-ray spectroscopy (EDS, JED-2300, JEOL, Japan).
The morphology of GO and the MoS,/C samples was investigated using field-emission scanning
electron microscopy (FE-SEM, Hitachi S-4800, Japan) operated at an accelerating voltage of 10
kV. Fourier transform infrared (FTIR) spectroscopy (PerkinElmer Spectrum, USA) was
employed to confirm the presence of functional groups on the sample surfaces. The spectra were
recorded in the range of 400-4000 cm™'. Raman spectra were recorded over the frequency range
of 100-3000 cm ™' using a Micro Raman Horiba XploRA One instrument equipped with a green
argon laser (A = 532 nm) as the excitation source. The surface composition and chemical states of
the GO and MoS,/C samples were studied by X-ray photoelectron spectroscopy (XPS, VG
Multilab ESCA 2000 system, UK) using Al Ka radiation (hv = 1486.6 e¢V) as the excitation
source. The XPS spectra were analyzed using XPSPEAK41 software, employing a Gaussian—
Lorentzian sum function after Shirley background subtraction.

2.3.2. Electrode fabrication and electrochemical measurements

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements
were performed at room temperature using a PGSTAT302N electrochemical workstation
(Metrohm, Switzerland), operated with NOVA v2.1.3 software. A three-electrode
electrochemical system was employed, consisting of a working electrode (WE) prepared by
coating MoS,/C nanocomposite (~91.0 wt.%) and carbon black (~6.0 wt.%) onto a 6 mm diameter
glassy carbon electrode (CH Instruments, TX, USA), an Ag/AgCl (3 M KCl) reference electrode
(RE), and a Pt counter electrode (CE). All chemicals used in the electrochemical measurements
were purchased from Sigma-Aldrich (St. Louis, MO, USA). For CV measurements, a 1 M Na,SO4
solution was used as an electrolyte. The CV tests were conducted over a potential window of —1.2
to 0.2 V at various scan rates ranging from 5 to 100 mV s'. The specific capacitance (Csp) of the
fabricated MoS,/C NC electrodes can be evaluated by Eq. (1) or Eq. (2):

N .
Cp=" — . Fg (1)
2mx AV
where Oa and QOc are the charges storage at the anode and cathode, respectively; m (g) is the mass
of the electrode materials; and AV (V) is the potential window of the CV curve. The energy density
E (Whkg ") and power density P (W kg ') were calculated from the CV curves according to Egs.
(3) and (4) in which v (mV s™) is the scan rate,
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The EIS measurements were carried out over a frequency range of 99 kHz to 0.01 Hz at
open-circuit potential, using an AC voltage amplitude of 10 mV. The impedance measurements
were conducted in a 0.1 M KCI solution containing 5 mM ferro/ferricyanide. Deionized water
was used for all cleaning and solution preparations. The electrode capacitance C(w) is composed
of real part C’(w) (Eq. (5)) and the imaginary part C’(w) (Eq. (6)) components.
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Electrochemical surface of the electrode material can be calculated by the formula (7) in
which Cy is constant value of 20 pF cm™ [30] and Can is calculated by Eq. (8), where Z” is the
imaginary part of impedance value calculated at responded frequency f'~ 0.01 Hz, and m (g) is
the mass of the electrode materials.

C
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The relaxation time constant 7, (s) is defined as the minimum time needed to discharge the
entire energy stored in the device with an efficiency over 50 % [31] and calculated by Eq. (9) with
/o is the knee frequency at which the imaginary component of the impedance reaches the highest
value in the high frequency (HF) region [32].

3. RESULTS AND DISCUSSION
3.1. Structures, morphologies, and chemical compositions of GO and MoS,/C NC

The surface morphology and structural characteristics of the as-prepared GO sheets have
been evaluated by FE-SEM and TEM. As shown in Figure 1(a), the FE-SEM image indicates that
the GO material exhibits a layered morphology, consisting of individual GO sheets loosely
interconnected to form a three-dimensional network structure. Figure 1(b) shows that single-
and/or few-layer GO sheets with characteristic wrinkled features are obtained after the
ultrasonication process. The edges of the GO nanosheets are slightly curved due to surface tension
and the presence of oxygen-containing functional groups on their surfaces and edges. A paper-
like morphology of ultrathin GO nanosheets is observed in the TEM image (Figure 1(c)), where
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transparent sheets with typical wrinkled and crumpled features can be seen. The TEM results
indicate that the GO nanosheets have lateral dimensions ranging from a few to several
micrometers. These observations confirm the successful synthesis of GO nanosheets via chemical
oxidation of graphite flakes.

Figure 1. FE-SEM images of the as-prepared GO nanosheets at (a) low and (b) high magnifications,
along with (c) a TEM image.

The crystalline structures of the prepared MoS,/C NC, GO, and bare MoS; samples were
investigated by XRD, as shown in Figure 2(a). The XRD pattern of GO exhibits two distinct peaks
at 20 = 10.6° and 23.4°, corresponding to the (001) and (002) crystal planes, respectively. These
diffraction peaks are in good agreement with the standard JCPDS data (JCPDS No. 00-065-1528),
confirming the successful synthesis of GO. For the MoS,/C NC sample, the XRD pattern exhibits
diffraction peaks at 20 = 14.3°, 33.1°, 40.1°, 49.3°, and 59.1°, which are indexed to the (002),
(100), (103), (105), and (110) crystal planes of MoS,, respectively. These reflections are
consistent with the standard diffraction pattern of hexagonal 2H-MoS, (JCPDS No. 00-037-1492)
and are in good agreement with those observed for the bare MoS, sample reported in previous
studies [17-20], confirming the successful formation of MoS,/C NC. Notably, no additional
diffraction peaks are observed, indicating the high phase purity of the as-prepared samples. It can
be noticed that the strong diffraction peak centered at 26 =~14.3° of the (002) plane corresponds to
the lattice plane distance do2 ~0.63 nm (calculated using Bragg’s equation [33]), which
represents interlayer spacing of a stacked MoS; structure [19, 34, 35], indicating that 2D-MoS,
crystals grew on the surfaces of GO sheets along the preferred direction of [001], as found in the
literature [36, 37]. Compared to the initial GO pattern, the characteristic diffraction peaks at 20
~ 10.6° and 23.4° almost disappear in the XRD pattern of MoS,/C NC. This indicates that GO
was effectively reduced to reduced graphene oxide (rGO) during the synthesis process [38].
However, the characteristic diffraction peak of rGO, typically observed in the range of 26 = 25.4—
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26.2°, is not clearly detected. This absence may be attributed to the low content of rGO and/or its
relatively low degree of crystallinity compared with MoS; crystals. In addition, the growth and
anchoring of MoS; crystals on the rGO surface likely disrupt the regular stacking of rGO layers,
leading to a more disordered structure within the composite. Similar observations have been
reported in previous studies [19, 39]. Based on the XRD analysis, it can be concluded that the
optimal reaction temperature and reaction time for the growth of 2D MoS; nanostructures on rGO
are 230 °C and 2 hours, respectively [40].

The formation mechanism of 2D-MoS; nanostructures in-situ on GO in the hydrothermal
process can be described as the reduction of MoO4* ions by HS™ ions to form MoS; according to
Eq. (10) to Eq. (13), followed by the phase transformation of MoS; to MoS; as described by Eq.
(14).

(NH4)sM07024.4H,0 — MoO4* + NH; + H,O (10)
CH;CSNH; (s) + 2H,0 — CH3COO™ + 2H'+ NH," + HS™ (11)
MoO4* + 4HS™ — MoS4* + 40H" (12)

MoS4s* + H" — MoS; + HS™ (13)

MoS; — MoS,+ S (14)

Raman spectroscopy was further employed to investigate and validate structural and
electronic properties of carbon materials [41, 42], as well as the crystal structure of MoS, [43, 44].
Figure 2(b) presents the Raman spectra of MoS,, GO, and MoS,/C samples. In the Raman
spectrum of GO, two prominent bands may be observed. The G band at approximately 1590.5
cm' corresponds to the sp>-hybridized carbon network and is attributed to the E,,-symmetry
phonon mode of graphitic carbon atoms [41, 42]. The D band at approximately 1346.4 cm™' is
assigned to the Aj,-symmetry phonons at the K point and is associated with the presence of sp’-
type defects and structural disorder in the carbon framework. The Raman spectrum of the pristine
MoS; crystal exhibits several characteristic bands in the low-frequency range of approximately
100-550 cm™'. The two intense peaks centered at ~379.1 and ~404.1 cm ™" are assigned to the E'5,
and A, vibrational modes of MoS,, respectively [44]. In addition, a weak peak observed at
approximately 460.3 cm ™' is ascribed to the 2LA(M) mode, which corresponds to a second-order
Raman scattering process involving longitudinal acoustic phonons at the M point (LA(M)) in the
Brillouin zone [45]. These modes correspond exactly to the characteristic structure of the
semiconducting 2H-MoS, phase. It is the most stable phase of MoS, at normal conditions.
Generally, the E'>, mode is associated with the in-plane vibration of Mo and S atoms in opposite
directions, whereas the A, mode corresponds to the out-of-plane vibration of S atoms moving in
opposite directions [46], as illustrated in the insets of Figure 2(b). The frequency difference
between the A, and E's, modes (Aw) is commonly used to estimate the number of MoS: layers
[46]. In this study, A is approximately 25 cm™, which is larger than that of single-layer MoS,
(~18-19 cm™) [46, 47] but slightly lower than the typical value for bulk MoS, (~26 cm™) [48—
50]. This indicates that the synthesized MoS, consists of few-layer structures [51]. In the
synthesized nanocomposite, in addition to the peaks at approximately 380.2, 403.6, and 495.0
cm ', which are assigned to the E's,, 41, and 2LA(M) modes of 2H-MoS,, respectively, a weak
peak at around 230 cm ' is also observed. This peak is attributed to defect-related scattering
associated with the longitudinal acoustic (LA(M)) phonon mode at the M point of the Brillouin
zone [45, 52]. The peak around ~520 cm ™' is due to the Si mode. Interestingly, the calculated
intensity ratio (Ip/Ig) of the D and G bands for the MoS,/C NC is approximately 0.13, which is
significantly lower than that of GO (Ip/lg = 1.55). This suggests that the in-situ growth of 2D-
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MoS:; nanocrystals on GO sheets during the hydrothermal process may have reduced a substantial
number of structural defects and/or partially restored the sp>-hybridized carbon network in the
GO sheets.
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Figure 2. (a) XRD patterns and (b) Raman spectra of GO, 2D-MoS:2 and MoS2/C NC.

FTIR spectroscopy is an extremely useful tool for identifying different functional groups
contained in a sample. Accordingly, FTIR spectroscopy was employed to identify and analyze
the functional groups present in GO, MoS; and the MoS,/C NC samples. As shown in Figure 3,
the absorbed peaks in range of ~3402-3200 cm ' can be attributed to the —OH bending vibration
from the adsorbed H>O molecules on the surfaces of GO, 2D-MoS; and MoS,/C NC. The peaks
located at ~1708 and ~1390 and ~1108 cm™' are due to the C=O stretching vibration of the
carbonyl group [53], —OH deformations of C—OH group [54] and C—O—C stretching vibration of
epoxide group [55], respectively, existed in the GO nanosheets. As a result, those polar functional
groups can provide anchoring sites for the adsorption of MoS; on the GO. The characteristic
absorption peak at around ~1595-1630 cm™' is attributable to the C=C skeletal vibrations from
the unoxidized graphitic domains, confirming the presence of sp>-hybridized carbon network in
the GO nanosheets and MoS,/C NC [54]. The sharp peak located at ~1406 cm ' is ascribed to the
stretching vibration of S-Mo—S [56]. The band centered at ~1120 cm ™' is related to the stretching
vibration of S—O in MoS, nanocrystals [57]. Compared with pristine 2D-MoS,, a new peak
appears at approximately 1020 cm™ in the spectrum of the MoS,/C NC, which can be attributed
to the C=S stretching vibration mode [58]. This observation further suggests the successful
incorporation of the 2D-MoS; phase within the GO-derived carbon matrix. It has been reported
that the interaction between carbon and sulfur—most likely involving unsaturated sulfur species
at the edges of 2D-MoS; rather than the fully coordinated sulfur atoms within the basal planes—
can induce the vertical growth of 2D-MoS; nanocrystals on the GO basal plane [59, 60]. The
additional peaks at ~910 and ~722 cm ' are assigned to the asymmetric stretching vibration of
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Mo=0 [61] and asymmetric vibration of the Mo—O groups [62], respectively. A peak at ~667
cm ' is due to characteristic bending vibration of SOy species [63] and/or can be attributed to the
S—H stretching vibrations originating as a result of dissociative H, adsorption on MoS, [64]. In
contrast to GO, the disappearance of the C=0 and C—O-C peaks in the FTIR spectrum of the
MoS»/C NC indicates that a substantial portion of GO was reduced to rGO during the
hydrothermal process. This result is consistent with the XRD analysis, where the characteristic
diffraction peaks of GO are no longer observed in the MoS,/C NC pattern. Combined with the
Raman measurements, it was possible to conclude that the MoS,/C nanocomposites were
successfully synthesized.
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Figure 3. FTIR spectra of GO, 2D-MoS2, and MoS2/C NC.
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Figure 4. FE-SEM (a), TEM (b), HR-TEM (c-e) images; structural model of the synthesized MoS2/C NC
(), and (g) extracted surface profile along the yellow dashed line on the HR-TEM image (d).

The surface morphologies and architecture of the synthesized MoS,/C NC sample can be
observed as the composition of ultra-thin 2D-MoS; petal-liked sheets (Figure 4(a)) distributing
on micron-size GO sheets, with thickness of ~1.8-3.5 nm (~3-6 monolayers) as seen in
Figures 4(d) and 4(e). The average lateral sizes of the 2D-MoS; petals varies from ~200 to 300 nm
(Figure 4(b)). The 3D reconstructed architecture of MoS,/C NC system in which, the formation
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of 2D-MoS; crystals on the surfaces and edges of GO nanosheets is depicted in Figure 4(f). The
distinct morphological differences highlight the crucial role of the GO matrix as an oriented
template that facilitates the in-situ growth of 2D-MoS; nanocrystalline structures. The unique
layered structure of 2D petal-like MoS; crystals is easily distinguishable from the readily visible
rGO sheets. These types of morphology were also observed in previous reports [7, 65]. As shown
in Figure 4(f), the interlayer spacing of MoS; monolayers ranges from approximately 0.63 to 0.86
nm, as determined from the surface profile extracted along the yellow dashed line in Figure 4(d).
These values can be indexed to the (002) crystal planes of the 2H-MoS: phase. The enlarged d(oo2)
spacing of the MoS; crystalline phase indicates that the interlayer distance of the 2D MoS;
nanopetal-like sheets is significantly expanded compared with the bulk value of 0.615 nm
reported in the literature [66]. The formation of the 3D architecture of the MoS,/C NC can be
explained by the self-assembly behavior of graphene, together with partial overlapping and
coalescence during the hydrothermal process. During this process, GO is reduced to rGO, as
evidenced by the appearance of the 2D band in the Raman spectrum shown in Figure 2(b). The
above-mentioned insight analysis shows that the MoS,/C NC system occupied a vast porous
hierarchical and 3D interpenetrating structure, resulting in a large surface area and high electrical
conductivity. These structural and morphological features, together with enhanced electrical
properties, suggest that the as-synthesized MoS,/C NC is a promising electrode material for
supercapacitor applications. Figure 5(a) presents a representative HAADF-STEM image of the
MoS,/C sample, along with the corresponding EDS elemental mapping images shown in Figures
5(b)—(d). The STEM images and EDS maps clearly demonstrate that MoS; is uniformly
distributed on the rGO surface without significantly altering the original morphology of the GO
sheets. The EDS spectrum of the MoS,/C sample shown in Figure 5(e) exhibits prominent peaks
at approximately 0.277, 2.293, and 2.307 keV, corresponding to the C-Ka, Mo-Ka, and S-Ka
signals, respectively. These results confirm the presence of C, Mo, and S elements in the as-
synthesized MoS»/C NC. The elemental composition, summarized in the inset table of Figure
5(e), shows atomic ratios of Mo:C =~ 1.3:1 and Mo:S = 0.55:1. The calculated atomic ratio of
Mo:C in the prepared MoS,/C NC (=1.3:1) is slightly lower than the designed ratio (1.5:1),
whereas the Mo:S atomic ratio (~1:2) is close to the stoichiometric composition of MoS,. Thus,
the EDS results further corroborate the FE-SEM, TEM/HRTEM, and Raman analyses, confirming
the successful synthesis of the nanocomposite via a facile hydrothermal method.
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Figure 5. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
image and energy-dispersive X-ray spectroscopy (EDS) elemental mapping images of the MoS,/C
sample: (a) HAADF-STEM image, (b) C, (c) Mo, and (d) S. (e) The EDS spectrum showing
the elements and composition present in MoS2/C NC.
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To gain insight into the surface chemical states and elemental composition, XPS
measurements were performed on the as-synthesized GO and MoS,/C samples. The C 1s peak at
284.7 eV was used as a binding energy (BE) reference to correct the XPS spectra for any possible
charging effects. Figures 6(a) and 6(b) show the survey-scan XPS spectra of GO and MoS,/C
samples, respectively. In the survey XPS spectrum of GO (Figure 6(a)), two dominant peaks
observed at approximately 284.7 and ~532.5 eV are attributed to the C 1s and O 1s core levels,
respectively, confirming that carbon and oxygen are the main elements in the GO sheets. For the
MoS,/C sample, four characteristic photoelectron peaks located at approximately 161.7, 230.5,
285.6, and 533.2 eV are assigned to the S 2p, Mo 3d, C 1s, and O 1s core levels, respectively. The
S and Mo signals are attributed to the MoS, phase, whereas the C and O peaks arise from the
presence of GO-derived carbon (rGO) within the composite. These results confirm that MoS,/C
NCs have been prepared successfully via a facile hydrothermal way. No additional peaks
associated with impurities are observed in the spectra, indicating the high purity of the synthesized
products. A more detailed analysis of the chemical states of S 2p, Mo 3d, C 1s and O 1s was
carried out using the narrow-scan of core level XPS spectra.
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Figure 6. Survey-scan XPS spectra of the as-prepared GO (a) and MoS2/C NC (b).

Figures 7(a) and (b) present the high-resolution XPS spectra of the C 1s and O 1s regions
for the synthesized GO sample, respectively. All spectra were fitted using mixed Gaussian—
Lorentzian line shapes after Shirley background subtraction. As shown in Figure 7(a), the high-
resolution C 1s spectrum can be deconvoluted into six distinct components. The peaks located at
approximately 284.7, 285.7, 286.1, 288.3, 288.9, and 290.4 eV are assigned to the C=C/C-C, C-
OH, C-0O-C, C=0, COOH, and n—r* functional groups, respectively [67]. Figure 7(b) presents
the high-resolution O 1s spectrum, which can be deconvoluted into four components. The two
dominant peaks at approximately 532.4 and 533.9 eV are assigned to C—O—C and C-O bonds,
respectively, while two weaker peaks at around 531.1 and 535.6 eV correspond to C=0 and C-
OH groups, respectively. Figures 7(c)-(f) present the high-resolution XPS spectra of the C 1s, S
2p, Mo 3d, and O 1s regions for the synthesized MoS,/C sample, respectively. As shown in Figure
7(c), the C 1s spectrum can be deconvoluted into six distinct components. The peaks located at
approximately 285.0, 285.7, 286.5, 288.1, 288.8, and 290.0 eV are assigned to the C=C/C-C, C-
OH, C-0O-C, C=0, COOH, and n—n* functional groups, respectively. This result suggests that
some oxygen-containing functional groups remain on the rGO surface, indicating that the
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reduction of GO was not complete. The high-resolution O 1s spectrum in Figure 7(d) can be
deconvoluted into six distinct components at approximately 530.8, 531.9, 533.0, 534.0, 536.0,
and 537.2 eV. These peaks are assigned to C=0, C—O-C, C-0, Mo—0/S—O species in MoS,Oy
(arising from slight surface oxidation of MoS, upon air exposure) [68, 69], C-OH groups, and
adsorbed H>O, respectively. As shown in Figure 7(e), the high-resolution S 2p XPS spectrum can
be deconvoluted into six distinct peaks. The peaks at approximately 161.5 and 163.4 eV are
assigned to S ps» and S* pi,» states in metallic 1T-MoS,, respectively [70]. The doublet peaks
located at around 162.5 and 164.7 eV correspond to S* p3» and S* pi» in semiconducting 2H-
MoS,, respectively [71, 72]. In addition, minor peaks at approximately 168.7 and 169.8 eV are
attributed to oxidized sulfur species, such as sulfate, sulfite, and/or thiosulfate groups [73]. As
shown in Figure 7(f), the high-resolution Mo 3d XPS spectrum can be deconvoluted into seven
components centered at approximately 226.5, 228.7, 229.8, 231.8, 232.8, 234.8, and 236.9 eV.
The peak at ~226.5 eV is attributed to the S 2s signal [74]. The doublet at ~229.8 and ~232.8 eV
corresponds to Mo*" 3ds» and Mo*" 3ds» states in semiconducting 2H-MoS; [75], while the peaks
at~228.7 and ~231.8 eV, shifted to lower binding energies by ~1.0 eV, are assigned to Mo*" 3ds»
and Mo*" 3ds,, in metallic 1T-MoS: [76]. The remaining peaks at ~234.8 and ~236.9 eV are
attributed to Mo"® 3ds» [77] and Mo®* 3ds/» states associated with MoS,Oy species [78], likely
arising from slight surface oxidation of MoS, upon exposure to air after synthesis and washing,
prior to XPS measurement.
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Figure 7. High-resolution XPS spectra of GO: a) C 1s and b) O 1s regions; high-resolution XPS spectra
of MoS2/C NC: ¢) C 1s,d) O 1s, e) S 2p, and f) Mo 3d regions.
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3.2. Specific capacitance and electrochemical properties of MoS2/C NC

The electrochemical properties of the synthesized MoS,/C NC were evaluated using cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) in a three-electrode
configuration with 3 M KCIl as the electrolyte. The working electrodes (GO, 2D-MoS, and
MoS,/C NC materials) were fabricated by coating with ~0.1 mg paste of MoS,/C NC (93 %
MoS,/C NC and 6.0 % black carbon), GO and bare 2D-MoS2, respectively. The CV curves of the
fabricated electrodes were recorded at scan rates ranging from 5 to 100 mV s™', as shown in Figure
8. Observing the CV curve of MoS,/C NC electrode and areas under the curves in Figure 8(a), it
is clear to see that the MoS,/C NC electrode exhibits higher specific capacitance (Csp) than those
of prepared GO and 2D-MoS; electrodes. Noteworthily, the CV curve of the MoS,/C NC
approaches a rectangular-type shape of an ideal capacitor within the operating potential window
between —1.1 and 0.1 V (vs. Ag/AgCl). Specifically, the MoS,/C NC working electrode exhibits
a specific capacitance of approximately 118.3 F g™ at a scan rate of 30 mV s ', which is about
390 times higher than that of GO-coated electrode (~0.3 F g ') and approximately 23 times greater
than that of the 2D-MoS; electrode (~5.3 F g"). Furthermore, the fabricated MoS,/C NC electrode
shows improved energy density which approaches £ ~87.98 Wh kg ' and P ~366.6 W kg ',
respectively.
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Figure 8. a) CV curves and b) specific capacitances of the fabricated GO, 2D-MoS2
and MoS,/C NC electrodes.

The enhanced specific capacitance and energy density of the MoS2/C NC, compared with
GO and 2D MoS;, can be attributed to its unique and robust composite architecture, which can be
explained by two key factors. First, the formation of a highly porous 3D network (Figure 4) arises
from the growth of 2D MoS, nanostructures on the surfaces and edges of rGO sheets. XRD
analysis shows that the interlayer spacing d2), calculated using Bragg’s equation, is
approximately 0.63 nm, which is favorable for the rapid intercalation of hydrated (H,O)sNa" ions
(radius ~2.43 A) [79] into the MoS; layers. This porous 3D architecture facilitates efficient
transport and diffusion of charge carriers, including electrons and electrolyte ions, along
shortened pathways to the electrode—electrolyte interface during the charging and discharging
processes. The rGO matrix in the synthesized MoS,/C NC system serves not only as a suitable
substrate for the growth and uniform dispersion of 2D MoS, nanocrystals—thereby increasing
the specific surface area—but also as a highly conductive network that facilitates rapid charge
transport. The specific capacitance and overall electrochemical performance of the capacitor
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electrodes fabricated from MoS2/C NC, GO, and 2D MoS: were evaluated as a function of scan
rate and are summarized in Tables 1 and 2.

Table 1. Specific capacitance of MoS2/C, GO, and 2D-MoS: electrodes.

Scan rate, mV s~

1

Specific capacitance, F g !

GO MoS./C 2D-MoS:>
5 5.8 116.7 21.9
10 0.8 117.7 10.4
20 0.4 117.7 5.5
30 0.3 118.5 5.3
50 0.2 112.1 4.0
100 0.1 100.0 1.9
Table 2. Electrochemical performance of MoS2/C, GO, and 2D-MoS: electrodes
at the scan rate of 30 mV s
Electrode(s) Potential window, V Cyp, Fg'! E, Whkg ! P,Wkg!
MoS./C 1.2 118.5 88.0 367.0
GO 1.2 0.3 0.6 0.009
2D-MoS2 1.2 5.3 10.6 0.155

As seen in Table 3, when comparing with the reported specific capacitance of MoS; @ 3D
porous graphene (~63.8 F g ') obtained by Zhang et al. [80], or MoS: nanospheres (~112 F g ')
synthesized by Kumar et al. [67], the specific capacitance of the as-synthesized MoS,/C NC in
this work is quite high (~118.5 F g') over operating potential window (~ 0 + -1.2 V). Our
findings are mostly comparable to the previous reports [81-83], for a variety of similar composite
electrode materials, demonstrating the remarkable capacitive behavior of the synthesized MoS,/C
NC [84]. These results suggest that the hydrothermal method employed in this work is more
effective for synthesizing MoS,/C NC with short reaction time as well as enabling control over
the crystallite size and morphology of the synthesized MoS,/C NC, contributing to its high
specific capacitance and excellent electrochemical properties.

Table 3. Comparison of specific capacitance with reported literatures.

Aqueous Electrode Device Voltage Cy Es Prax Ref
electrolyte material configuration 'V Fg! Whkg! Wkg! )
1 MNa:SOs  MoSyYCNC  3-Electrode  -1.2 1185  88.0 367.0 TV}V‘:)Srk
IMKCl Mo 3-Electrode 0.9 1120 - i [65]
nanospheres
MoS: @ 3D
1 M LiPFs porous 2-Electrode 4.0 63.8 97 8314 [80]
graphene
1 M Na2SO4 MoS./C 3-Electrode -0.6 108.0  7.40 3700 [81]
nanosheets
0.IM RGO 3-Electrode  -0.8 410 - i [82]
NazS04 ' '
3 M KOH C/MoS2 3-Electrode 0.5 210.0 - - [83]
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Electrochemical impedance spectroscopy is a powerful technique widely used to analyze
material structure and the kinetic processes occurring at the electrode—electrolyte interface,
thereby providing insight into the underlying charge storage mechanisms in the MoS,/C NC
electrode system. The impedance measurements were conducted on the fabricated MoS,/C NC,
GO, and 2D-MoS; electrodes over a frequency range of 10 mHz to 100 kHz within an open-circuit
potential window of —1.2 to 0.2 V, with an alternating voltage amplitude of 10 mV (Figures 9(a)—
(¢), (d)). The complex impedance Z(w) of the synthesized MoS,/C NC were modeled and
presented as Nyquist plot (Z° vs. —=Z7), and Bode plot, in which Z’(w) and Z”’(w) are the real and
the imaginary part, respectively, of the impedance. The Nyquist plots of the synthesized GO, 2D
MoS;, and MoS,/C NC samples (Figures 9(a) and (c)) exhibit two distinct regions, consisting of
a semicircle in the HF region and a linear segment in the low-frequency (LF) region. Based on
the Nyquist plot data, the electrode-electrolyte interface can be modeled by an equivalent circuit
(Figure 9(e)) in which the equivalent series resistance Rs (Q cm?) is composed of ionic resistance
of the electrolyte, intrinsic resistance of MoS,/C NC, and the contact resistance at the interface
between the MoS»/C NC electrode material and the current collector. The Rcr (Q cm?) is the
faradaic charge transfer resistance, W (S s™* cm™?) is the Warburg impedance associated with
ionic diffusion in the electrolyte, and Cai (F cm™) is the double layer capacitance.

Electrochemical fitted parameters of the electrodes fabricated from MoS,/C NC, GO, and
2D-MoS; are summarized in Table 4. It is noticed that the fabricated MoS,/C NC electrode
possesses small values of resistance Rs and Rcr when compared with that of GO and 2D-MoS,
electrodes. It can be seen that in the HF region, the intrinsic resistance Rcr of GO electrode is
~2.616 Q cm while the MoS,/C NC is ~22.610 Q cm2, which is much lower than that of 2D-
MoS; alone (~72.550 Q cm ), indicated by the radius of the corresponding semi-circles in Figure
9(c). The low resistance values are beneficial, and responsible for enhancement of electrical
transport property such as fast charge transfer and ion diffusion, thereby enhancing
electrochemical property of the synthesized MoS,/C NC electrode material.

Table 4. Electrochemical parameters calculated for MoS>/C NC, GO, and 2D-MoS: electrodes.

Electrode Rs Rer Ca w Sk To
materials (Q cm?) (Q cm?) (mF cm?) (Ss'? em™) (m?g™h) (ms)
MoS./C NC 25.680 22.610 23.550 0.0028 217.6 159.1
2D-MoS:> 26.170 72.550 0.752 0.0012 124.5 0.032
GO 27.310 2.616 9.086 1073 0.0016 161.7 0.025

The complex capacitance model was further analyzed to examine the relationship between
the specific capacitance of the as-fabricated MoS,/C NC electrode and the applied frequency, as
shown in Figures 9(b) and 9(d). The Bode plots in Figures 9(b) and 9(d) show the frequency
responses of the electrode materials under the applied frequency. In this model, the cell
capacitance is expressed in terms of its real and imaginary components, as defined in Egs. (5) and
(6). Compared with GO and 2D-MoS; electrodes, the MoS,/C NC electrode system shows a
considerably low in frequency response with large phase angle (—¢, °), which is a characteristic
of good capacitive performance and large energy storage capability. The response frequency of
MoS,/C NC electrode (~1.0 Hz) is significantly lower than those of 2D-MoS; (~5012 Hz) and
GO celectrodes (~6309 Hz). Furthermore, the relaxation time 7 (s) calculated from the knee
frequency f,, (Hz) corresponding to the maximum of —Z”’(®) in the Nyquist Plot (LF region) was
used to evaluate the electrochemical capacitance properties and charge—discharge characteristic
response. The 7 values obtained for the MoS,/C NC, GO and bare 2D-MoS; electrodes are about
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~159.1, 0.025 and 0.032 ms, respectively. The relaxation time of the MoS,/C NC electrode to be
significantly higher than that of GO and bare 2D-MoS,, indicating the low-discharge
characteristic response and good electrochemical capacitive storage. In addition, the charge
conductivity of MoS,/C NC electrode also increases significantly compared with that of 2D-MoS;
due to the presence of rGO matrix in the MoS,/C NC.

The electrochemically active surface area Sg (m* g ') of the fabricated MoS,/C NC electrode
was calculated using Eq. (7) to be approximately 218.0 m? g!, which is higher than that of GO
(~161.7 m? g'*) and bare 2D MoS; (~124.5 m? g™') electrodes. These results are consistent with
previous reports [84]. The large active surface area of the MoS,/C NC implies that the 2D-MoS,
nanostructure growing and well dispersing in the GO matrix and resulting in rich porous
composite architecture as previously observed by TEM and HR-TEM images in Figure 4.
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Figure 9. Electrochemical impedance of MoS,/C NC, GO, and 2D-MoS: electrodes. (a) Nyquist plot, (b)
Bode plot, (c) Magnified view of (a) in the high frequency region, and (d) capacitances with respect to
frequencies. (e) Equivalent circuit modeling the electrolyte-electrode interface. (f) Schematic diagram

showing the electric double layer and intercalation of ions between 2D-MoS: layers.

The capacitive energy storage mechanism of the electrode material can be described as the
accumulation of charge at the electrolyte-electrode interface. The enhanced capacitive energy
storage observed for the MoS,/C NC electrode can be attributed to the combined contributions of
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electric double-layer capacitance and Faradaic (redox) reactions, along with the increased
electrochemically active surface area resulted from the reduced number of MoS; layers grown on
GO sheets during the hydrothermal process. First, ions accumulate at the interface of the electric
double layer between MoS; nanocrystalline sheets and the electrolyte as illustrated in Figure 9(f).
Then, during charging, alkali ions from the electrolyte (Na" in this case) adsorb on the surfaces
and intercalate between 2D-MoS, layers (reduction reaction), followed by discharging and
deintercalation of the ions (oxidation reaction) as represented by faradaic (Eq. (15)) and non-
faradaic (Eq. (16)) mechanism [85, 86]:

MoS; + yNa" + ye” «> NayMoS; (15)
(MOSZ)surface + yNa+ > (Na+_MOSZ_ )Surface (16)

It is evident that the electric double-layer capacitance originates from the rGO matrix,
whereas the pseudocapacitance arises from surface redox reactions of the 2D MoS, phase
dispersed within the rGO framework. The presence of GO matrix in the MoS»/C NC provides a
high electronic conductive platform and large specific surface area for growing 2D-MoS;
nanostructures. In addition, the intercalation of large ions from the electrolyte to the vdW gaps
between MoS; layers prevented them from aggregation. The repeated intercalation —
deintercalation of the ions and charged carriers during multiple charging/discharging process
could enlarge the MoS; intra-layer gaps and even exfoliate 2D-MoS, monolayers. This process
leads to an increase in the overall specific surface area, thereby improving the specific capacitance
of the MoS,/C NC electrode system.

4. CONCLUSIONS

Low-dimensional MoS,/C nanocomposites with a 3D porous architecture were successfully
synthesized via the in-situ growth of 2D-MoS; nanocrystals within a GO matrix using a facile
one-pot hydrothermal method. The morphology, phase structure, chemical composition, and
electrochemical properties of the as-prepared materials were systematically characterized by FE-
SEM, HR-TEM, XRD, EDS, XPS, FTIR, Raman spectroscopy, and electrochemical techniques.
The results demonstrate that the 2H-MoS; nanocrystals exhibit a petal-like morphology with a
thickness of approximately 1.8-3.5 nm and an average lateral size of 200-300 nm and are
uniformly distributed across the rGO nanosheets. Electrochemical measurements indicate that the
MoS,/C NC delivers a specific capacitance of ~118.5 F g, an energy density of ~88.0 Wh kg™',
and a power density of ~367.0 W kg™, along with a high specific surface area of ~218.0 m* g,
The enhanced electrochemical performance can be attributed to the ultrathin nature of the 2D
MoS; nanocrystals and the synergistic interaction between the dispersed MoS, phase and the
conductive rGO matrix, which together facilitates efficient charge storage and transport. These
findings suggest that the synthesized MoS,/C NC is a promising electrode material for
supercapacitor applications in microelectronic devices.
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