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A B S T R A C T   

Bio-derived chitosan-molybdenum di sulfide (Cs–MoS2) nanocomposites are prepared by a simple 
and economical aqueous casting method with varying concentrations of MoS2. The structural, 
surface morphological, optical, and electrochemical properties of the nanocomposites were 
studied. FTIR analysis reveals the strong interaction between Cs and MoS2. FESEM micrograph 
showed an increment of the surface roughness due to the incorporation of MoS2 layers into Cs. 
The surface wettability of the nanocomposites was found to be decreased from 73◦ to 33◦ due to 
the incorporation of MoS2 into the chitosan. UV–vis spectroscopy study demonstrates a reduction 
of optical bandgap from 4.29 to 3.44 eV as the nanofiller, MoS2, introduces localized states within 
the forbidden energy bandgap. The incorporation of MoS2 was found to increase the specific 
capacitance of Cs from 421 mFg− 1 to 1589 mFg− 1 at a current density of 100 μAg-1. The EIS 
analysis revealed an increase in the pseudo-capacitance from 0.09 μF to 4.13 μF and a reduction 
of charge transfer resistance that comes from the nanofiller contribution. MoS2 nanoflower in-
troduces more active sites and expands the electroactive zone, thus improving the charge storage 
property of Cs. The Cs–MoS2 may offer a new route for the synthesis of eco-friendly, biode-
gradable, and electrical storage devices.   

1. Introduction 

The global energy demand is rising rapidly across the industrial sectors, urban life, transportation, etc., due to the rapid devel-
opment of modern society, the economy, and the ongoing population growth [1,2]. As a result, increased amounts of non-renewable 
energy sources like oil, fossil fuels, and natural gas have been consumed, causing the depletion of energy resources, becoming a 
significant challenge for a sustainable energy future [3,4]. Renewable energy sources directly generated from the solar system, air, 
hydroelectric, biomass, and other natural atmospheric activities (such as geothermal and tidal energy) need to be stored up to mitigate 
the problem [4,5]. Electrochemical energy storage devices, such as supercapacitors and rechargeable batteries, have developed 
quickly as energy storage for many newly developed technologies due to their ability to supply satisfactory results, excellent security, 
and longer service life [6,7]. Though supercapacitors have a lower energy density compared to batteries, they can charge and discharge 
quickly. Also, they can withstand hundreds of thousands to millions of charge-discharge cycles without significant degradation, 
reducing long-term maintenance costs [8,9]. This is the reason many research areas are emphasized on supercapacitors. However, 
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research in energy storage is not solely focused on supercapacitors over batteries; both supercapacitors and batteries have active and 
valuable areas of energy storage materials research. The most effective electrode materials for energy storage are often made of noble 
metals (such as Pt, Au, Pd, etc.). Still, their limited availability and high price severely confined their use in practical applications [10, 
11]. The large-scale manufacture and use of cathode materials based on transition metals (TMs) (such as Mn, Fe, Co, and Ni) raise 
concerns about the depletion of non-renewable mineral resources and environmental issues such as soil and water contamination as 
they are a potential source of electronic waste, even though these materials display higher energy storage capacity [12,13]. 

It has received much support in recent years to create polymer electrodes based on biodegradable polymers such as cellulose, 
starch, agar, and carrageenan, which help to lessen the adverse effects of harmful items on the environment [14,15]. Chitosan (Cs) is 
considered one of the most abundant biopolymers and is a linear polysaccharide made up of N-acetyl-D-glucosamine and 
b-(1–4)-linked-D-glucosamine [16,17]. It is produced by alkaline deacetylating chitin, found in the exoskeleton of marine creatures, 
including shrimp, crabs, and lobsters [18]. Cs, an eco-friendly substance with cheap manufacturing costs, has received significant 
acceptance in fields like water treatment, food packaging, tissue engineering, constructing sensors, and pharmaceutical medication 
delivery because of its consistent biocompatibility, biodegradability, high permeability, minimal immunogenicity, antibacterial 
qualities, beneficial optical characteristics, and better film-forming capacity [19–23]. The greatly delocalized, polarized, and 
electron-dense π bonds that compose form a conjugated carbon chain’s interchanging single and double bonds are what leads to better 
optical properties of Cs. The nitrogen and hydrogen atoms in the amine and hydroxyl functional groups of Cs have lone-pair electrons, 
which are required for a polymer electrode system since they will produce synchronization interconnections with the charged particles 
[24]. As a result of the ongoing interactions of the charge carriers with the accessible, functional group, the polymer chain segment 
transportation will be produced, making the polymer have conductive behavior. However, it is low [25], the reason for low con-
ductivity is due to the rigidly bounded hydrogen atom in Cs. The Cs membranes can retain and absorb a substantial volume of solution 
(water or electrolyte). This characteristic makes it possible for Cs membranes to have ionic mobility, which is essential for electro-
chemical applications [26]. One disadvantage of employing Cs as an electrode appears to be its low conductivity. A further downside is 
that with prolonged use, organic liquid solvent leakage from the Cs electrode may occur, reducing the ionic conductivity [27]. Another 
disadvantage is that it has weak chemical resistance where amino and hydroxyl groups in Cs are vital in raising the resistance of 
electrodes by disrupting anions and bulky substances [28]. 

The above-mentioned issues can be solved by adequately dispersing inorganic fillers with sizes of nano or submicron into the 
polymer. It has also been demonstrated that fillers may significantly affect the characteristics of polymer electrodes. Inorganic fillers 
can be added to materials to prevent the crystallization of the polymer, which enhances ion movement during the morphological phase 
and increases the electrochemical stability at the interfacial interface [29]. Particularly, transition-metal dichalcogenides (TMDs), such 
as MoS2, SnS2, and WS2, have drawn much interest in various fascinating applications due to their superior mechanical and electrical 
properties, high spin-orbit coupling, modified bandgap, atomic scale thickness, catalyst properties [30], charge storage capabilities 
[31] and other distinguishing features [32]. Within the array of TMDS nanofillers available, nanostructured MoS2 has garnered sig-
nificant attention as a filler material for nanocomposites. This preference is due to its outstanding attributes, as it demonstrates a 
substantial surface area, and unique stacked structure characterized by strong covalent bonds, microwave absorption, better hydro-
philicity, stronger electrical conductivity, and higher intrinsic fast ionic conductivity [33,34]. MoS2 has also gained research attention 
as the remedy of the hazardous behavior of some other TMs [35,36]. 

In this study, we employed a straightforward and cost-effective method involving aqueous casting to synthesize a nanocomposite 
consisting of Cs–MoS2. The solution casting technique offers a practical and economical route for generating large-scale nano-
composites based on polymers, which hold promise for various industrial applications [37]. The unique attributes of the nano-
composite films were investigated using Fourier-transform infrared (FTIR) spectroscopy, field emission scanning electron microscopy 
(FESEM), measurements of surface wettability, and evaluation of optical characteristics. The capacitive properties were evaluated 
using cyclic voltammetry, galvanostatic charging-discharging techniques, and electrochemical impedance spectroscopy (EIS) analysis 
using an equivalent AC circuit. Notably, improvements in specific capacitance were observed (rising from 421 mFg− 1 to 1589 mFg− 1 at 
100 μAg-1) alongside a decrease in contact resistance, as demonstrated by the electrochemical analysis. This eco-friendly electrode 
material, derived from natural sources, devoid of hazardous components, and capable of biodegradation, exhibits enhanced energy 
storage capabilities. The comprehensive exploration of this bio-inspired material possessing enhanced electrochemical attributes could 
find utility in the realm of flexible, environmentally friendly, next-generation electronic devices. 

2. Materials 

Chitosan (extra pure, 90 %, Loba Chemie, India), sodium molybdate dehydrates (Na2MoO2⋅2H2O) (98 %, Merck, Germany), 
thiourea (CH4N2O) (98 %, Research-Lab, India), and glycerol (98 %, Loba Chemie, India). All of the chemicals were used in their 
original condition without any purification. 

2.1. Synthesis of MoS2 

The MoS2 nanoflower was synthesized by hydrothermal method. Sodium molybdate dihydrate (Na2MoO4⋅2H2O) was required as 
the source for molybdenum (Mo), and (CH4N2S) was the sulfur (S) source. Initially, sodium molybdate dihydrate and thiourea were 
dissolved in 120 ml of distilled water, followed by vigorous stirring, which produced a transparent solution. The solution was then 
transferred into a 200 mL Teflon-lined autoclave and hydrothermally treated for 24 h at 200 ◦C. The precipitate was centrifuged and 
then rinsed using ethanol and di-ionized (DI) water. The obtained black powder was dried at 60 ◦C for a couple of hours to achieve 
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MoS2 nanoflower [38]. 

2.2. Preparation of nanocomposite 

The Cs–MoS2 nanocomposite film was prepared through the solution casting method, where MoS2 concentrations were varied, 
ranging from 0.1 wt% to 0.5 wt%. Initially, a base solution, the Cs solution, was created by dissolving 1.5 gm of Cs in a 1 % acetic acid 
aqueous solution, with vigorous mechanical stirring performed at room temperature. In the meantime, a dopant solution of MoS2 was 
prepared, involving the addition of 15 mg of MoS2, 15 ml of deionized water, and 3 ml diluted Cs solution. This Cs diluted solution was 
prepared with a minute amount of Cs and 3 ml of 1 % acetic acid. The agglomeration of MoS2 is very common and tends to become 
sediment at the bottom of the beaker [39]. Therefore, to ensure good dispersibility, and stability, a diluted Cs solution was added with 
the dopant solution. Cs, as a surfactant, provides the hydroxyl, carboxyl, and amino groups that cover the surface of MoS2 and provide 
homogeneous dispersion by reducing the possibilities of MoS2 aggregation. Then, to prepare the film, the required amount of dopant 
solution was added into the base solution with the help of a pipette and stirred using a magnetic stirrer at 45 ◦C 5 ml glycerol was added 
to this total solution to thicken the solution. Here, to mention, the diluted Cs solution is so less in amount that it doesn’t affect the 
overall composite concentration. Then, when the solution was thick enough to form a film, it was poured into a Petri dish and left dried 
at room temperature until the film was formed. The film was then carefully peeled from the Petri dish when sufficiently dry and 
preserved for subsequent characterization. In this case, the samples with 0, 0.1, 0.3, and 0.5 % of MoS2 with Cs are referred to as 
samples A, B, C, and D respectively. 

2.3. Characterization techniques 

Fourier transform infrared spectroscopy (FTIR) investigation was carried out using a (Shimadzu IRSpirit) spectrophotometer to 
investigate the nanocomposite chemical structure. The surface morphology of the nanocomposites was examined under a 5 kV 
accelerating voltage using a field emission scanning electron microscopy (FESEM) (JEOL JSM-7600F). The contact angle (CA) was 
determined to evaluate the surface wettability by maintaining optimized circumstances and adjusting humidity using a contact angle 
meter (Apex, India) where the sessile drop technique had been employed. To measure the CA using the tangential method, 10 μL DI 
water was dropped onto the surface of the films. Each reported contact angle data was determined by averaging the values of three 
independent readings. The optical band gap of nanocomposite film was analyzed by utilizing a UV–vis Spectrophotometer (UV-2100), 
keeping the wavelength region between 190 and 800 nm. The electrochemical performance was performed at room temperature using 
a CS310 electrochemical working station (Corrtest, China). The investigations were carried out using an electrochemical chamber with 
three electrodes and an operating electrode made of glassy carbon. A platinum plate (1 × 1 cm2), a silver/silver chloride electrode (Ag/ 
AgCl), and 0.5 M Na2SO4 were used as a counter electrode, reference electrode, and an ionic electrolyte solution, respectively. 

3. Results and discussions 

3.1. Chemical bond analysis 

FTIR analysis was carried out to understand the structural changes that may occur among the chitosan polymer due to the 
incorporation of MoS2 nanoflower. Fig. 1 shows the FTIR spectra for Cs and Cs–MoS2 nanocomposites. From the FTIR spectra of Cs, a 
broad band in the ranges between 3000 cm− 1 and 3700 cm− 1 conforms to the symmetric bending vibration of the hydroxyl and the 

Fig. 1. FTIR spectrum of Cs–MoS2 nanocomposites for different concentrations of MoS2 nanoflower.  
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amine units, suggesting the development of intra- and intermolecular H-bonds between the hydroxyl and amine units [40,41]. The 
absorption bands at around 2942 cm− 1 and 2894 cm− 1 can be attributed to alkane units’ C–H symmetric and asymmetric stretching 
vibration, respectively [42,43]. The peak at 1652 cm− 1 cm can be ascribed to the C=O stretching vibration of amide I [34]. The 
spectrum at 1548 cm− 1 is representative of the bending vibration of amide II, a frequent peak of Cs [44]. The band at 1420 cm− 1 

corresponds to the stretching vibration of C–O and 1330 cm− 1 to the C–N stretching of amide III representing residual N-acetyl [45]. 
The peak at 1100 cm− 1 is designated to the asymmetric stretching vibration of the C–O–C bridge and 1035 cm− 1 to the C–O stretching 
in polysaccharide units [456]. The FTIR spectra at 920 cm− 1 are attributed to the C–O stretching of the glycoside linkage N–H (amide 
III) ring stretching [32]. 

There are no observable new peaks in the Cs–MoS2 nanocomposites observed. Since a very low concentration of MoS2 nanofiller 
was used and that may be absorbed in polymer matrix, thus, the bonding with Mo or S is not observed. The increase in the amplitude of 
the N–H bending vibration is caused by the weak or insignificant noncovalent contact between the chitosan and MoS2 nanoparticle. A 
gradual increase in the amplitude of the band for –OH stretching vibration is also observed, indicating the formation of new intra-
molecular H-bonds, which can be attributed to the increase of the nanoflower in the nanocomposites. The characteristics found in the 
FTIR provide evidence of the presence of Cs–MoS2 nanoflower interactions. 

3.2. Surface morphology analysis 

The surface morphology of Cs, MoS2 nanoflower, and Cs–MoS2 nanocomposite film was investigated using FESEM, and the 
resulting images are presented in Fig. 2(a)-(e). Fig. 2(a) illustrates the FESEM images of Cs film, demonstrating a smooth and uniform 
surface without any pores throughout the film. The FESEM image of a MoS2 nanoflower with several nanoscale petals is shown in Fig. 2 
(b). It shows that the petals are irregularly connected and closely arranged into a shared center, developing the appearance of a 
spherical flower. Furthermore, the observed porous structure of MoS2 nanoflowers has a great influence on the electrochemical 
performance of the nanocomposites. Fig. 2(c)–(e) represents the FESEM images of Cs–MoS2 for different concentrations of MoS2 
nanofiller, which confirms the presence of MoS2 nanoflower by the appearance of the petals entrapped with Cs. Cs–MoS2 nano-
composite films exhibit significantly more noticeable pores, which are objective to the formation of MoS2 nanoflower on the surface. 
The porous structure allows an increased number of ion particles to come to the surface of the active materials. The incorporation of 
MoS2 furthermore increases the surface roughness of the films, which also increases the surface area. An increase in surface will allow 
more active sites to come to the surface area and help improve the electrochemical performance. 

3.3. Surface wettability 

The wettability of a film, which is influenced by its topology and chemical composition, significantly impacts the potential uses of 
bio-nanocomposite materials. A substrate’s contact angle (CA) is a reliable measure of its wettability. Fig. 3 shows the variation in CA 
with the different concentrations of MoS2 incorporated in chitosan composite, and the CA of the materials reduces with the increase of 
the concentration of MoS2 nanoflower. The measured CA of Cs was obtained at 73◦, denoting hydrophilic behavior, which is attributed 
to the –OH and –NH2 bond of Cs. The CA was found to be reduced from 73◦ for Cs to 33◦ for Cs–MoS2 (0.5 %) nanocomposite film. As a 
smaller CA denotes a higher hydrophilicity of the surface, it appears that the incorporation of MoS2 nanoflower into Cs increases the 
hydrophilicity of the material. This behavior may be attributed to the accessible sulfur molecules in MoS2 nanoflower that cause the 

Fig. 2. FESEM images of (a) Cs (b) MoS2 nanoflower, (c) Cs–MoS2 (0.1 %) (d) Cs–MoS2 (0.3 %), and (e) Cs–MoS2 (0.5 %) nanocomposites.  
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entire surface to be hydrophilic, giving the nanocomposite a high liquid attraction by conducting hydrogen bonding. The enhanced 
hydrophilic nature of the composite allows for better electrolyte penetration, enhances active sites, and thereby improves capacitive 
performance. Furthermore, modification of the surface morphology can also influence wettability. From the FESEM images, it is 
evident that the incorporation of MoS2 nanoflower increases the roughness of the film. The enhanced roughness increases the surface’s 
hydrophilic nature as it expands the surface area of interaction between water and nanocomposite film. We may, therefore, assume 
that the increase in surface roughness and sulfur molecules are both correlated to the reduction in water CA. The appearance of 
morphology resembling petals on the nanocomposite films due to the addition of MoS2 nanoflower, demonstrated by the FESEM 
analysis, may affect the surface wettability [36]. 

3.4. Optical properties 

The optical properties of the nanocomposites were studied using UV–vis spectroscopy. Fig. 4 (a,b,c and d) shows the (αhυ)2 vs. hυ 
curve for different nanocomposites that reveal their optical band gap. The intercept of the linear part of the (αhυ)2 against hυ plots on 
the x-axis was used to estimate the band gap (Eg) values [37]. The band gap energy for Cs is found to be 4.29 eV, which reduces to 3.44 
eV for the incorporation of just 0.5 % MoS2. Fig. 4 (e) represents the variation of the Eg for different concentrations of MoS2. The 

Fig. 3. Contact angle (CA) of as-prepared Cs–MoS2 nanocomposites, where MoS2 concentration were varied.  

Fig. 4. (a)–(d) The optical band gap energy curve of Cs–MoS2 nanocomposites, (e) variation of the optical bandgap of different samples, and (f) plot 
of ln (α) vs energy to evaluate of the Urbach energy of Cs–MoS2 nanocomposites. 
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electron movement in amorphous and polymeric materials may be affected by the localized state due to the shortage of long-range 
order in these materials. So, a localized state arises between the conduction band and the valence band in addition to the band 
gap. On the other hand, the S atoms in MoS2 nanoflower generate p states, providing energies similar to the p-d hybridized states 
towards the upper part of the valence band. Consequently, the electronic states are localized on both the leading edge of the valence 
band and the lowest part of the conduction band. As a result of this, MoS2 nanoflower exhibits a low energy band gap. This reduction in 
optical band gap can be attributed to the complex that forms due to nanoparticles interacting with the polymer matrix by increasing the 
density of defects or particle clusters. The rise in the density of defects may enlarge the valence band by arising band tailing inside the 
forbidden gap of the polymeric system. Moreover, MoS2 nanoflower may develop localized electronic states within the band gap of Cs, 
which function as recombination and trapping sites. 

To further investigate the role of MoS2 nanoflower on the optical properties of the polymer, the Urbach energy of all the samples 
was studied. The defects produce an absorption tail that spreads inside the forbidden gap in the absorption spectrum. The Urbach 
energy is correlated to this absorption tail, referred to as the Urbach tail [47]. The Urbach energy is also associated with localized states 
of amorphous structure in amorphous materials [48]. Nanocomposite materials typically show Urbach energy in the forbidden gap due 
to disordered atoms in the amorphous phase. The spread of energy bands lessens the material’s optical bandwidth [49]. The devel-
opment of the absorption edge at the bandgap energy is caused by either electron-phonon interaction or exciton-phonon interaction 
[50]. The formula for estimating Urbach energy is 

α(υ)=α0 exp
(

hυ
Eu

)

where α0 is a constant, hυ is photon energy, and Eu is the Urbach energy [51]. To estimate the Eu, the natural logarithm of the ab-
sorption coefficient α(ν) was plotted as a function of the photon energy (hν) for the Cs–MoS2 nanocomposite films and is presented in 
Fig. 4(f). The Urbach energy was calculated from the inverse of the slope of the linear portion of the ln(α) vs. hv curve. The value of Eu 
for Cs and Cs–MoS2 nanocomposite films are shown in Table 1. It is observed that the addition of MoS2 increases the Urbach energy of 
nanocomposite films (Fig. 4(b)). Since Urbach energy is a measure of the amorphousness due to inhomogeneous disorders in the 
materials the observed increase of Urbach energy suggests that the incorporation of MoS2 introduces localized states within the 
forbidden energy bandgap [48]. The appearance of new energy levels can influence the transfer of electrons from the valence bands to 
the conduction band. Moreover, the unsaturated defects increased the density of localized states, resulting in a reduction in the optical 
energy gap. 

3.5. Electrochemical properties 

Cyclic voltammetry (CV) investigations were performed to analyze the electrochemical characteristics of the obtained Cs–MoS2 
composites at various scan rates (5–100 mVs− 1) in 0.5 M Na2SO4 solution within a potential window between − 0.2 V and 0.3 V by 
manufacturing electrodes wrapped with thin layers of composites are shown in Fig. 5(a)-5(d). At a low scan rate, the CV curves of 
Cs–MoS2 exhibit a nearly rectangular pattern. With the increase in scan rate, the CV curves diverge from the rectangular shape and 
become symmetric, indicating ideal capacitive behavior and high-rate capability [52]. Moreover, the CV curves become more 
quasi-rectangular with the increase in scan rate, signifying convenient capacitive response and speedy charge-discharge performance. 
It tends to be ascribed to the fact that MoS2 offers accessible channels to fast ion diffusion and bountiful areas for ion adsorption; Fig. 5 
(e) depicts the cyclic voltammetry (CV) curve of the Cs–MoS2 with various concentrations of MoS2 at a scan rate of 100 mVs− 1. The 
area of the CV curves for the Cs–MoS2 electrode is considerably getting wider with the gradual incorporation of MoS2 nanofiller, 
indicating the increased active surface area for charge transfer between the electrode and the electrolyte. Thus, the gradual increase in 
the area of the CV curve with the concentration of MoS2 nanofiller suggests an increment of the specific capacitance. 

The galvanostatic charge-discharge (GCD) studies were performed to evaluate more accurate capacitive performance, where the 
potential region was determined by considering the CV curves. Fig. 5(f) represents the GCD curves for the Cs–MoS2 composites at a 
current density of 100 μAg-1 within a potential range of − 0.2 V–0.3 V. The symmetry observed in the GCD plots suggests a reversible 
charge-discharge mechanism of the Cs–MoS2 nanocomposite. The GCD curve patterns for all the samples closely resemble ideal tri-
angle graphs with minimal deviation, which indicates pseudocapacitive influence [53]. The GCD curve for Cs–MoS2 (0.5 %) becomes 
noticeably distorted from the ideal triangle shape, indicating additional pseudocapacitive behavior. 

The specific capacitance of the nanocomposites can be determined from the GCD curves using the formula: 

Cs =
IΔt
mΔv 

Table 1 
Band gap, and Urbach energy of Cs and Cs–MoS2 nanocomposite.  

Sample Band gap (eV) Urbach energy (eV) 

Cs 4.29 0.279 
Cs–MoS2 (0.1 %) 4.00 0.405 
Cs–MoS2 (0.3 %) 3.83 0.827 
Cs–MoS2 (0.5 %) 3.44 1.429  
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Where C is the specific capacitance (F g− 1), I is the discharge current (A), Δt is the discharge time (s), m is the mass of the active 
material on the working electrode (g), and Δv is the potential change (V) in the discharge process [16]. The estimated values of the 
specific capacitance for the Cs–MoS2 composites with different concentration of nanofiller is displayed in Table 2. The specific 
capacitance was increased with the concentration of MoS2 nanofiller, and a specific capacitance as high as 1579 mF/cm2 was obtained 
for the Cs–MoS2 (0.5 wt%). The CV and GCD curves for MoS2 nanoflowers are presented in the supplementary figure SF2. The esti-
mated value of the specific capacitance for the MoS2 nanoflowers was found to be 57 F/g. This observation illustrates that incorpo-
rating MoS2 nanoflowers to Cs significantly improves the specific capacitances for electrochemical energy storage and broadens new 
possibilities for rapid electron movement, greatly lowering internal resistance and enhancing electrode electrochemical activity. 

MoS2 nanoflower entrapping on the outer layer and interlayers of Cs may be capable of avoiding laminate stacking, which increases 
the specific surface area [54]. Additionally, the incorporation of MoS2 nanoflower introduces more defects into the polymer matrix. 
The defects create vacancies that increase the number of electrochemical active sites for interfacial interaction, thereby boosting 
charge storage performance [55,56]. This could be attributed to the rise of specific capacitance with the continuous addition of MoS2 
nanoflower to Cs–MoS2 nanocomposite. The agglomeration in the nanocomposite for the incorporation of a higher concentration of 
MoS2 nanoflower creates pores on the material’s surface, providing more active sites for ion adsorption, the network structure’s 
effective diffusion routes, and the interaction of the components, which could be the reason of the higher capacity of the Cs–MoS2 (0.5 
wt%) film [46]. 

3.6. Electrochemical impedance spectroscopy studies 

The electrochemical impedance spectroscopy (EIS) were used to provide a more precise estimate of the electrochemical charac-
teristics of the Cs–MoS2 composites. EIS is an effective and accurate method for investigating the charge transfer processes taking place 
at the electrochemical cell or functionalized electrode–solution interface. The Nyquist plots (Fig. 6) for each sample show a single 
semicircle at high frequency followed by a straight line inclined at a CA to the real axis in the low-frequency range [57]. The semicircle 
pattern at the high-frequency region corresponds to the charge transfer resistance at the electrode and electrolyte interface. The small 
diameter of the semicircular patterns also indicates lower charge transfer resistance and a relatively high capacitance [58]. 

The inset of Fig. 6 represents an equivalent circuit used to simulate the EIS data. The circuit consists of an internal resistance (Rs) 
that accounts for the total resistance resulting from the electrolyte ion transport resistance between the working and reference 
electrodes, Rct that stands for the charge transfer resistance between the electrolyte and the electrode, Warburg resistance (ZW), is 

Fig. 5. Cyclic voltammetry of (a) Cs, (b) Cs–MoS2 (0.1 wt%) (c) Cs–MoS2 (0.3 wt%), (d) Cs–MoS2 (0.5 wt%) at different voltage scan rates, (e) 
variation of cyclic voltammetry curve at a sweep rate of 100 mVs− 1, and (f) galvanometric charging-discharging curve of different samples at a 
current density of 100 μAg-1 

Table 2 
The specific capacitance of Cs, and Cs–MoS2 nanocomposite.  

Sample Specific capacitance (mFg− 1) 

Cs 422 
Cs–MoS2 (0.1 %) 429 
Cs–MoS2 (0.3 %) 465 
Cs–MoS2 (0.5 %) 1579  
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resistance with the slope of the 45◦ in the curve, is the result of the frequency dependence of ion diffusion/transport in the electrolyte to 
the electrode surface and a constant phase element (CPE) instead of an ideal capacitance element for the oxide film. The equivalent 
series resistance (Rs), the combination of the Ohmic and charge transfer resistances, is represented by the real axis intercept. The ohmic 
resistance is the combination of the resistance of the electrolyte, the internal resistance of the active material and current collector, as 
well as the contact resistance among all the materials. 

The estimated circuit parameters obtained from the simulation are presented in Table 3. It illustrates the gradual decrease in 
equivalent series resistance that occurs as the concentration of MoS2 increases, and the Cs–MoS2 (0.5 %) electrode exhibits a 
comparatively low equivalent series resistance (Rs) of 6.97 Ω. The small radius of the semicircle implies that the Faradaic charge 
transfer resistance (Rct) remains at a very low value as it is determined from the diameter of a semicircle of an impedance plot [59]. As 
the quantity of MoS2 nanoflower increased gradually into the Cs–MoS2 nanocomposites, the Rct value lowered from 9.53 to 2.70 Ohm. 
Generally, a lower value of Rct is acquired to be ideal double-layer capacitive behavior, and it suggests a faster faradaic reaction with 
much lower resistance that improves the capacitive performance [60]. 

Also, the CPE value increased gradually from 0.09 to 4.13 μF due to the incorporation of MoS2 nanofiller. This improved value of 
CPE suggests an increase in the electrode/electrolyte interface brought on by faradaic reactions of MoS2 that also contribute to the 
observed enhanced electrochemical performance of the Cs–MoS2 nanocomposites. 

The incorporation of MoS2 significantly improved the electrochemical performance of the Cs matrix. This can be attributed to 
several factors. The low electrochemical charge transfer resistance of nanocomposite materials demonstrates their high conductivity 
and efficient charge transportation. The improved specific capacitances of Cs–MoS2 nanocomposite are generated from the synergistic 
interaction between Cs and MoS2 nanoflower. MoS2 with a larger specific surface area expands the region of the nanocomposite/ 
electrolyte interface functions that are mainly dependent on the pore structure of electrodes. In contrast, the layered structure of MoS2 
lowers the electrolyte ions diffusion length [61]. This expansion of the electroactive zone enhances the specific capacitance. Moreover, 
the hydrophilicity of MoS2 enables the ions in the Cs–MoS2 nanocomposite to migrate to the electrode/electrolyte interface with ease, 
increasing the action site, reducing the water contamination in the electrode, and producing a high specific capacitance. 

4. Conclusions 

To sum up, biodegradable Cs–MoS2 nanocomposites have been synthesized using a simple solution casting technique. The 
investigation of their structure and surface characteristics reveals an enhanced interaction between Cs and MoS2, resulting in a 
decrease in the crystallinity of the composites and the revelation of defects. The UV–vis analysis demonstrates a reduction in the band 
gap accompanied by an increase in defects, and this observation is corroborated by the Urbach energy analysis attributed to the 
contribution of MoS2 loading. The inclusion of MoS2 enhances surface wettability, as evidenced by the findings of the contact angle 
study. The Cs–MoS2 nanocomposites exhibit a specific capacitance that reaches a remarkable 1589 mFg− 1 at 100 μAg-1, about four 
times higher than that of Cs alone. The noteworthy reduction in band gap and crystallinity prompts the capture of electrons and ions 
within the biopolymer matrix, resulting in a significantly improved electrochemical performance. Furthermore, the structural features 
and the defects induced by sulfur, stemming from the arrangement of stacked MoS2 nanosheets, contribute to a large surface area, 
enhanced electrochemical conductivity, and interaction with the –NH functional group provided by the nanofiller. This synergistic 
effect greatly enhances the electrochemical performance of the nanocomposite. The findings of this study hold the promise of offering a 
convenient and economical approach to crafting energy storage devices that are ecologically sound. 

Fig. 6. Nyquist plots for different samples and the inset shows the equivalent circuit used for simulation.  
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