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Role of engineered Co04S3 and Ce2S3-Co04S3 binary composite materials
for clean and high-performance energy solutions
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The increase in energy crisis and environmental concerns are now considering as major
hurdle in way to sustainability and clean energy solution. Metal sulfides have been
investigated for the fabrication of energy conversion ad storage devices to overcome the
effect of energy demand. In this concern, a microemulsion mediated hydrothermal method
was employed for the successful synthesis of pure Co0s4S; and Ce,S3;-Co4S; binary
nanocomposite materials. This study was investigated for Supercapacitor application using
cyclic voltammetry and electrochemical impedance spectroscopy. The scanning electron
microscope analysis of composite material showed compact smooth morphology with
strong interparticle interactions. The cyclic voltammetry was assessed for the determination
of specific capacitance and energy density of material. The Ce»S3-CosS3 binary
nanocomposite demonstrated excellent specific capacitance and energy density value of 952
F/g and 33.06 Wh/kg, respectively. The higher capacitance and energy density value of
Ce,S3-Co4S; binary nanocomposite is due to its strong synergistic interaction between both
metals. Similarly, the electrochemical impedance spectroscopy demonstrated the effective
kinetic behavior of Ce;S3;-Co4S; binary nanocomposite. This recommends composite
material a strong candidate in class of metal sulfide for greener sustainable solutions.
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1. Introduction

The major increase in industrialization processes and change in energy sources has always
been brings difficult for sustainable economic growth [1]. The rise in the growth of global
transportation and energy infrastructure, increasing energy consumption and play vital role in the
degradation of environment. Researchers are focusing on clean and high-performance energy
solutions [2]. The world is transferring its activities towards renewable and efficient energy sources
by developing large capacity energy storage devices and systems [3]. The development of advance
energy storage devices like batteries, fuel cell and Supercapacitor are the most appropriate solution
to meet the current energy crisis and environmental deterioration [4]. These devices are mainly
required to charge mobile devices, hybrid and electric cars, renewable power networks, and other
industrial infrastructures [5]. Among all electrochemical energy storage systems, Supercapacitor are
mainly focused sue to its distinct advantages like high energy density, power density and charge
storage capacity [6, 7].
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The Supercapacitor have been divided into three types, electrochemical double-layer
capacitors (EDLCs), pseudocapacitors and hybrid capacitors [8]. The EDLCs based on the
phenomenon of electrostatic charge at the interface of electrode-electrolyte, and pseudocapacitors
involves fast and reversible Faradaic redox reactions [9]. In spite of various advantages,
Supercapacitor continue to have concerns in rate capability. To overcome these hurdles in energy
storage system, the researchers make efforts on the development of new metal sulfide electrode
materials with large surface area, improved conductivity and redox reactions [10]. Transition metal
sulfides (TMSs) are considering advanced active electrode materials for next-generation
Supercapacitor. They are better than conventional electrode materials owing to their high electrical
conductivity, redox-friendly, and structural controllability [11]. TMSs like molybdenum sulfide,
vanadium sulfide, nickel sulfide, and cobalt sulfide have shown excellent pseudocapacitive
performance [12, 13]. TMSs nanomaterials have been synthesized via various synthetic approaches,
includes, co-precipitation, sol-gel, chemical vapor deposition, hydrothermal, and solvothermal
process [14]. In all these synthetic processes, a microemulsion-mediated hydrothermal approach is
distinguished due to its efficiency in achieving control particle size, shape and homogeneity under
mild thermodynamic conditions. The approach allows homogenous nanostructured with very high
surface area and porosity, facilitating fast ions transportation and redox interaction on electrodes
[15].

Cobalt sulfide has been considered as valuable 3d-transition metal, ability to show multiple
oxidation states, high theoretical capacitance and suitable electronic properties. It is found in several
crystalline form, like CoS, CoS; and CosS3 and has extensive redox chemistry [16]. Similarly,
cerium sulfide (Ce,S3) chemically stable and involves reversible process by oxidation reduction in
Ce’"/Ce*" [17]. Research on Ce/CoNi,Ss nanocomposites for Supercapacitor has been reported by
Wang, et al., (2021). The pure CoNi,S4 electrode demonstrated specific capacitance of 1988 F/g at
1 A /g, but the Ce/CoNi,S4 electrode showed capacitance of 2408 F/g [18]. This research work
intends to synthesize Ce;S3-Co04S3 binary nanocomposites via microemulsion-assisted hydrothermal
technique and assess the electrochemical properties of prepared nanomaterials for Supercapacitor
application. The resulting Ce»S3-Co4S3; shows significant Supercapacitor performance due to strong
synergistic effect of cerium in cobalt lead to increase active sites, better diffusion of ions and
improved cycling stability.

2. Experimental work

2.1. Synthesis of pure Co4S; and Ce;S3-C04S3 binary nanocomposite

The Pure Co4S; and Ce,S3-Co4S3 binary composite was prepared with modified micro-
emulsion mediated hydrothermal approach [13, 19]. The oil-emulsion was prepared using
cyclohexane, TX-100, and n-butanol as solvent, surfactant and co-surfactant, respectively. On the
other hand, cobalt (III) chloride (CoCl,), and cerium Sulphate Ce(SO4), was dissolved in water to
prepare water emulsion. The water emulsion was introduced into oil-emulsion to form water/oil
micro-emulsion. A calculated amount of ammonium sulphate was added in above micro-emulsion
as a Sulphur source. Later, the solution was transferred into autoclave for specific heat treatment at
150 °C for 20 h. After this process, the autoclave was allowing to cool down and then performed
washing of material. The above solution was washed with ethanol and deionized water. The washed
particles were later dried at 100-150°C. Finally, a fine power was obtained as composite material.
The pure nanomaterial was prepared with same procedure with a minor change in water emulsion.
The water emulsion contains only sing meta precursor salt.

3. Results and discussion

3.1. Characterization

The Fourier transform infrared spectroscopy (FTIR) was performed for the determination
of functional group and vibrational motions. The stretching vibrations of OH group correspond to a
notable peak at 3216 cm™ [20, 21]. The absorption range from 1729-1511 cm™ is may be due to
bending and stretching vibrations of OH group. The presence of sharp peaks at 857 cm™ and 600
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cm indicates vibrations of metal -sulfur bonds (Ce-S and Co-S) [22-24], which confirms the general
formation of the metal sulfide phase in composite material. The band at 1050 cm™ can be assigned
to symmetric stretching vibration of sulfate/sulfur-oxygen (Co-S), a shared common phase of pure
and the composite material [25]. The existence of this common vibrational zone ensures the
structural association of Co4S3 with Ce,S3; nanocomposite. Figure 1 illustrated about FTIR analysis
of pure and composite material.
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Fig. 1. FTIR Spectra of synthesized nanoparticles (a) Co4S3 pure phase (b) Ce:S3-Co4S3 binary composites.

The composition and structure of synthesized nanoparticles were determined by X-ray
diffraction spectroscopy (XRD) analysis. The XRD pattern of pure Co4S; and Ce:S3- Co04S3
composite are shown in figure 2. The observed peaks are indexed to the standard JCPDS cards. The
main diffraction peaks are observed at 20 values of about 24°, 29°, 33°, 41°, 45°, 49°, and 52°, which
presented the (211), (220), (310), (400), (420), (332), (422) planes are attributed to the orthorhombic
form of Ce,S; with JCPDS card # 00-027-0104 [13, 26, 27]. Other peaks appearing at the 26
positions of 20° (210), 22° (212), 30° (005), and 34° (231) are in agreement with the cubic phase of
Ce»S; (JCPDS # 00-020-0269) [24]. These peaks represent the secondary phase of Ce»Ss. The
incomplete reaction or phase segregation during the reaction may be considered to cause the
existence of the secondary phase in the Ce,S;- Co4S; composite. Moreover, the peaks at 20 value
28.3° (311), 36.5° (400), and 39° (331) indicate phase of cobalt sulfide which corresponding to
JCPDS card # 00-002-1338 [28]. This shows a confirmation of its integration in the composite.
These peaks are highlighted as sharp and clear, which makes the composite prove to be crystalline.
The appearance of these peaks which belong to several JCPDS patterns confirms the successful

synthesis of a composite Ce>S3- Co4S3 with secondary cobalt sulfide phase embedded in the
composite.
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Fig. 2. XRD spectrum of synthesized Ce»S3-C04S3 binary composites.

The scanning electron microscope (SEM) analysis was performed for the determination of
morphology and structural changes in Co04S3; and Ce»S3-Co04S3 binary composite materials as shown
in figure 3 (a, b). The SEM analysis presented different morphology and structural changes that
directly influence on the electrochemical excellence of pure and composite nanomaterial. The pure
Co4S3 demonstrated small particles with relatively scatter and lose aggregation that led to lower
interconnectivity and limited packing density. Conversely, the Ce»S3-Co4S;3 binary composite shows
more refined, compact and larger particles structural morphology. This strongly packed structure
ensures the improved particle contact. Improving charge kinetics. The cerium incorporation
enhanced integrity of surface and surface roughness, that increase the active surface area and ion
diffusion. This structural morphology recommends Ce,S3-Co4S3 binary material for Supercapacitor
application.

Fig. 3. SEM analysis of prepared nanomaterials, (a) pure CosS3, and (b) Ce»S3-Co4S3 binary nanocomposite.

3.2. Electrochemical performance

The electrochemical excellence particularly in Supercapacitor performance was
investigated via three electrode setups. The three-electrode setup was consisted of working electrode
(Nickel foam), reference electrode (Ag/AgCl) and counter electrode (Pt wire). The Supercapacitor
performance was determined in an electrolyte solution of 2M KOH. This molarity of KOH allow
rapid faradic redox reactions. The cyclic voltammetry analysis was used to determine the redox
reaction and capacitive behavior of prepared materials. The CV analysis was carried out at varying
scan rates of 10 to 100mV/s with a capacity of increasing scan arte with 10 values after each run.
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The CV curves showed distinctive characteristics of prepared material, like a minor rise in cathodic
peak and simultaneously dropped in the anodic peak to lower voltage, representing the higher
electrochemical reversibility of electrode material. These redox peaks in CV voltammogram may be
corresponding to faraday redox reactions [29].

On the other hand, with the increase of scan rate a direct effect on area under the CV curve
was observed. The increase in scan arte increases the area and showed a negative impact in its kinetic
mechanism and capacitive behavior. The rise in scan rate involved, the reduction peak shifted to
positive potential and correspondingly reduction peak towards negative potential values [30]. The
CV analysis of pure Co4S3 and Ce»S3-Co4S;3 depicted distinct redox efficiency and transportation of
electron followed by ions diffusion. The specific capacitance and scan rate in the CV performance
demonstrated inverse relationship with each other [31]. The CosS; electrode material showed
restricted ion diffusion and kinetic mechanism that led to lower active sites and decline in surface
area. This is may be due to low accessibility of electrolyte on the surface of electrode. The CV
analysis of pure Co4S; and Ce;S3-Co4S; is depicted in figure 4.
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Fig. 4. Cyclic voltammetry and cyclic stability analysis of pure and composite materials, (a) CV curves of
pure CosSs, (b) CV curves of CesS3-Co4S3 composite material.

The Co4S; and Ce;S3-Co4S; binary composite material showed remarkable specific
capacitance and energy density values due to enhanced surface area and improved active sites for
ion diffusion. The specific capacitance of CosS; and Ce,S3-Co4S; binary composite was 629 and 952
F/g, respectively at 10 mV/s. Similarly, the energy density value was calculated 21.83 and 33.06
Wh/kg, respectively. The higher specific capacitance and energy density value of Ce;S3-Co4S3
binary composite may be attributed to strong redox reaction and synergistic effect of cerium in
Cobalt metal, improving active sites on the surface of electrode material. The specific capacitance
and energy density comparisons is shown in figure 5.
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Fig. 5. Specific capacitance and energy density comparison of CosS3 and CeS3-Co4S; binary composite.

The electrochemical impedance spectroscopy was used for the determination of reaction
kinetic and capacitive characteristics of CosS3 and Ce;S3-C04S;3 binary composite. The EIS analysis
was categorized into two segments, a semicircle and a straight line in a Nyquist plot. The semicircle
in Nyquist plot provide information about the electrode-electrolyte resistance and ion diffusion at
their interphase may attributed to conductivity of ions [32]. The higher semicircle demonstrated
higher resistance between the electrolyte and electrode that lead to lower conductivity and slower
ions transportation. Similarly, the pure Co4S; showed higher semicircle than binary composite
material exhibited less efficient electrode than composite material. Conversely, the CezS3-C04S3
binary composite showed lower semicircle and improved ions conductivity and fast faradic redox
reaction kinetics. The circuit in the EIS showed different types of resistance, solution resistance,
charge and electrolyte transfer resistance. These resistances play pivot role in the electrochemical
kinetics of electrode materials. Figure 6 showed the EIS analysis of prepared materials.
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Fig. 6. Electrochemical impedance spectroscopy of pure Co4S3and CesS3-Co4S3 binary composite
electrode materials.

4. Conclusion

The pure Co4S; and Ce»S3-Co4S;3 binary nanocomposite materials were investigated for
Supercapacitor application and prepared via modified microemulsion mediated hydrothermal
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approach. This prepared nanomaterial was confirmed by X-ray diffraction spectroscopy; Fourier
transform infrared spectroscopy and scanning electron microscope analysis. The presence of sharp
peaks at 857 cm™ and 600 ¢cm™ indicates vibrations of metal -sulfur bonds like Ce-S and Co-S.
Similarly, the Ce»S3-Co4S3 binary composite shows more refined, compact and larger particles
structural morphology associated with improved electrochemical analysis. The cyclic voltammetry
was assessed for determination of specific capacitance of Co4S; and Ce,S3-Co4S3 629 and 952 F/g,
respectively. The electrochemical impedance spectroscopy showed lower semicircle and improved
ions conductivity and fast faradic redox reaction kinetics in Ce>S3-C04Ss3. The high performance of
composite material confirms it as a significant material for sustainable energy solutions.
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