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Abstract 

A major issue is the production of green and sustainable energy while the development of an 

effective, affordable, readily available with a higher rate of oxygen and hydrogen evolution 

reactions is need of the time. Here in present work, we fabricated CuScS2, CoO, and CuScS2/CoO 

to replace the extremely expensive Pt/C and IrO2 that are employed as the benchmark materials 

for water electrolysis. We have also investigated their electrochemical performance in an alkaline 

environment for the oxygen evolution reaction (OER). The CuScS2/CoO nanocomposite is more 

effective electrode material than CuScS2 and CoO. The composite material shows smaller 

overpotential (179 mV) and reduced Tafel slope (46 mV dec-1) value than individual materials to 

attain a current density of 10 mA cm-2. The better efficiency of the composite material is due to 

well-distinct good shape with greater BET surface area, and relatively small resistance to charge 

transfer. Furthermore, the CuScS2/CoO exhibits remarkable electrocatalytic as well as 

photocatalytic performance in comparison to CuScS2 and CoO. This research provides a valuable 

guide for developing an OER electrocatalyst in an alkaline medium and shows better 

electrochemical as well as photocatalytic performance of CuScS2/CoO nanomaterials. 
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1. Introduction 

As human society and industrialization have advanced quickly over time, severe energy and 

environmental problems have emerged, forcing researchers to concentrate on sustainable and 

environmentally friendly energy resources to make up for the shortage of fossil fuel-based energy 

sources [1-3]. Because of their high ion transportation efficiency, ability to produce alternative 

energy sources, and other factors, the most promising alternative energy conversion and storage 

systems, such as Li-ion batteries, Zn-air batteries, water electrolysis and fuel cells have attracted 

much attention in this context recently [4-6]. Among all these procedures, water electrolysis results 

in the generation of hydrogen and oxygen, both of which are suppliers of pure, sustainable power 

[7, 8]. The OER, one of the two half-reactions that comprise the total water electrolysis, is more 

difficult because it involves a four-proton-coupled electron transport reaction mechanism and is 

extremely kinetically slow [9, 10].  Significant overpotential is also essential for this process, 

severely limiting its application in both commercial and industrial electrolytic energy systems [11, 

12]. Even while precious metal-based catalysts like IrO2, RuO2, Pt/C, and Ir black are commonly 

recognized for commercial usage, there are several limitations to their utilization on a huge scale, 

including an absence of availability, poor stability and high price efficiency [13]. 

 The development of efficient and reliable non-noble metal-based electrode materials for water 

electrolysis is therefore highly desirable. One of the effective earth-abundant electrocatalysts has 

been recognized as transition metal-based nanomaterials [14-16]. Metal oxides, metal-organic 

frameworks, metal sulphides, layered double hydroxides, transition metal-based 

phosphates/phosphonates/phosphides, metal chalcogenides, bimetallic oxides, and other types of 

electrode materials have all been developed for electrolytic oxygen evolution reactions [17, 18]. 

Metal oxides have received the most interest among these nanomaterials for electrolytic OER in 



alkaline medium because of their inexpensive cost, simple production process, and high stability 

[19, 20]. Because of their high thermal and structural durability, strong conductance, and notable 

uses in electrochemical energy conversion, storage, and catalysis, porous cobalt oxides have been 

synthesized in various strategic pathways [20-22]. Additionally, limited conductance reduces the 

availability of the cobalt oxides' catalyst surface, which limits the effectiveness of electrolytic OER 

[23, 24]. Thus, various tactical approaches have recently been used to enhance the OER 

performance of the electrode material, including doping with the other elements, conductive 

supports, incorporation of vacant positions, control of the metal facet sequence, and synergistic 

effects in nanostructured materials [25-27]. 

On the other hand, textile [28], plastic [29], pharmaceutical [30], printing [31], leather [32], 

cosmetics [33], food processing [34], and dye manufacturing sectors discharge wastewater loaded 

with synthetic colors that constitute a severe hazard to aquatic life and the ecology [35]. Because 

these dyes are stable and non-biodegradable, they must be removed from wastewater before it 

reaches the aquatic system [36]. Several techniques have been used to remove these colors from 

the effluent, such as adsorption, photocatalytic degradation, membrane filtering, coagulation, 

chemical oxidation, and biological degradation have been used [37]. Photocatalytic degradation 

[38], which uses semiconductor metal oxides as catalysts, is the favored technology because of its 

simplicity, high efficiency, and low cost. The photocatalytic degradation process comprises 

numerous phases, including light harvesting, exciton formation [39], OH radical generation via 

secondary reactions, and mineralization of organic contaminants by OH radical reactions [40]. On 

the other hand, Fast electron-hole recombination dramatically affects the efficiency of the process, 

resulting in a decrease in photocatalytic activity [41]. Several strategies such as metal or nonmetal 

doping, development of plasmonic structures, supporting the semiconductor metal oxides onto 



appropriate supports such as zeolites [42], and generating heterojunction by linking two or more 

semiconductors have been utilized to avoid or slow down this recombination [43]. 

However, a few methods were implemented to enhance the electrochemical as well as 

photocatalytic performance of transition metal-based materials, including heteroatom doping, 

defect introduction, and hierarchical structure creation [44]. By altering their internal components, 

catalysts' electronic structures can be effectively controlled in a particular way. The cation-cation 

interaction, which can obtain a modified d-d electronic structure and boost the movement of d 

electrons, has received much attention [45]. For instance, Deka et al. pointed out that adding Cu2+ 

to the CuCo2S4 crystal lattice can raise the concentration of Co3+ high-spin levels and result in 

exposed to high levels (111) facets, which encourages OER performance. According to Shen et al. 

research, the addition of the V component modifies the Co active center's electrical arrangement, 

further increasing the CoP's ability to water electrolysis [46]. The production of highly oxidized 

Co sites in HO-Co1-N2 has also been demonstrated by Cao et al. [47], which facilitates the HER 

performance by improving water adsorption and dissociation. According to earlier findings, high-

valence transition electrocatalysts (Co3+, Ni3+, V5+etc.) have more open d electron orbits and are 

hence efficient at receiving electrons than low-valence metal catalysts. The ion species (O, N, S, 

P, and Se) present during electrocatalytic activity tend to absorb protons or water molecules, which 

is a significant point to consider [48]. The efficiency of the electrode material may be affected by 

the inversely associated cationic, e.g. and anionic s, pσ atomic orbitals. Despite this, a few 

thorough studies have demonstrated the usage of ionic species to modify electrocatalytic activity 

[49]. Developing highly efficient electrocatalysts will be facilitated by a complete understanding 

of the relationship between ionic species and electrocatalytic activity and by disclosing their 

electrochemical characteristics and relationships with intermediate electrocatalysts [20, 50]. In 



recent years, spinel NiCo2O4 has received much attention due to its outstanding electrochemical 

properties, unusual nanocomposite d orbitals, and remarkable corrosion resistance [51]. This spinel 

has shown excellent performance and stability for electrocatalytic activity. Therefore, we 

purposely convert the O to chalcogen components to produce the CuScS2. 

In contrast, spinel CuScS2 is a substance that is especially promising for electrocatalytic OER 

owing to its considerable electrocatalytic performance, excellent durability, capacity to integrate 

transition metal oxides (CoO) into its lattice sites, and sustainability across a wide pH range [52]. 

The nano-structuring technique is an easy way to add more active sites with a lot of surface area 

and boost CuScS2's electrocatalytic activity. In order to create nanomaterials, many techniques are 

employed, such as hydrothermal, plasma imprinting, nano casting, thermal degradation, and many 

others. A nanocomposite material made of CuScS4 and transition metal oxides plays a significant 

role in various fields [53]. The electronic state of CuScS2 alters the binding energy of intermediate 

species in a way that lowers the electronic energy barrier and promotes good electrocatalytic 

activity[54]. 

We have here described a new type of bimetallic transition metal chalcogenide composite 

employing CoO, continuing the comparable trend. Here, we present the facile one-step 

hydrothermal synthesis of CuScS2/CoO nanocomposites. From the fundamental ideas, it was 

observed that the composite CuScS2/CoO demonstrated good morphology and it performed better 

against OER than its CuScS2 and CoO analogue. The synthesized CuScS2/CoO nanocomposite 

shows electrocatalytic activity with an OER overpotential of 179 mV@10 mA cm-2. In all 

electrocatalytic studies, the obtained CuScS2/CoO nanomaterials display better and more reliable 

electrochemical activity toward OER. On the other hand, the material was then employed for 

photocatalytic applications having a degradation efficiency of 92% with a reduced band gap of 



2.91 eV. In comparison to typical electrocatalysts, the obtained nanomaterials demonstrated 

several benefits, including (1) low fabrication costs (as no noble metals are needed); (2) a simple 

one-step hydrothermal method; and (3) long-term durability over an extended period of time.  The 

fact that we have looked into the properties of CuScS2 and CoO and shown how they can be applied 

to enhance or improve the fundamental electrocatalytic activity of nanomaterials is more 

significant. 

2. Experimental part 

2.1 Chemical reagents 

All of the chemicals were employed in their purest analytical form, and the suggested products 

were made using the following precursors: Sc(II) chloride (ScCl2, Sigma Aldrich 99.8%), 

copper(II) acetylacetonate (Cu(C5H7O2)2, Sigma Aldrich 99.8%), Thiourea (CS(NH2)2, Sigma 

Aldrich 99.8%), ethanol (CH3CH2OH, Sigma Aldrich 99.8%), Cobalt acetate 

(Co(CH3COO)2·4H2O, Sigma Aldrich 99.5%) and polyethylene glycols (H(OCH2CH2)nOH, 

Sigma Aldrich, 98.5%). 

2.2 Synthesis of CuScS2 nanoplates 

In a 25 mL Teflon-lined stainless-steel autoclave, ScCl2 (0.2 mM), the desired amount of copper 

(II) acetylacetonate (0.2 mM), and CS(NH2)2 (0.66 mM) were poured, and stirred for 10 min.  To 

obtain a homogenous solution, 20 mL of ethanol was added to the autoclave and stirred again for 

30 minutes. Afterwards, the autoclave was closed, kept at 220°C for 24 hours in an electric oven 

and then naturally cool at ambient temperature. The precipitates were gathered by centrifugation 

at 8000 rpm for 5 minutes, and the contaminants were then removed by twice-washing it with 

ethanol and deionized water. The final products were produced after a 24-hour drying process. 



2.3 Synthesis of CoO nanoparticles 

For the synthesis of CoO, the anhydrous ethanol (CH3CH2OH), polyethylene glycols 4000 (PEG 

4000), and cobalt acetate were used, which were of analytical grade. In a typical response, the 

whole mixture was poured into 100 mL of Teflon-lined stainless-steel autoclave, which was used 

as a thermal reactor. After that, the autoclave was placed at 150 °C for 24 hours in an oven. Finally, 

the thermal reactor was cooled until it was at ambient temperature. The brownish-black insoluble 

solid ethanol products were separated by centrifugation and frequently rinsed with ethanol to get 

the pure product, and the resultant product was annealed at 450 °C to attain the CoO.  

2.4 Fabrication of CuScS2/CoO  

In a 25 mL Teflon-lined stainless-steel autoclave, ScCl2 (0.2 mM), a similar quantity of copper (II) 

acetylacetonate (0.2 mM), CS(NH2)2 (0.66 mM), and then the already generated CoO were also 

added in the reaction mixture. For the production of a homogenous solution, 20 mL of ethanol was 

added to the above reaction mixture and then stirred for 30 minutes. The autoclave was then closed 

and kept at 220°C for 24 hours in an electric oven before being allowed to cool gradually to 

ambient temperature. The residue was collected by centrifuging it at 8000 rpm for 5 minutes, and 

the contaminants were then removed by twice-washing it with ethanol and DI water. Finally, the 

ultimate products were produced after a 24-hour drying process. 

2.5 Physical characterization 

A Bruker D-2 powder diffractometer utilizing Ni-filtered with Cu-K radiations at a current of 10 

mA under working conditions of 30 kV is used for the X-ray diffraction study. The 20–80° range 

was scanned at a rate of 5 mVmin-1. All of the synthesized materials' structures were investigated 

using a scanning electron microscope with a Quanta 200-FEG. Using a JASCO-6800 with Fourier 



transform infrared (FTIR) spectroscopy, the surface functional group of the newly produced 

nanoparticles were identified. Brunauer Emmett Teller examined the specific surface area of each 

produced nanoparticle in order to better comprehend nitrogen adsorption-desorption-desorption 

(BET, Nova2200e Quanta chrome). 

2.6 Fabrication of working electrode for OER 

The functionalized electrocatalytic materials' working electrodes were created by drop-casting a 

slurry of newly created nanomaterials onto a piece of Ni-foam that had been cleaned and dried. 

Nickel foam was divided into uniform pieces (1 cm2) and washed with a sonification method in 20 

mL of DI water and ethanol for 30 minutes. The nickel foam was then washed with acetone and 

dried in an oven with a vacuum. The slurry was created by sonicating 100 μL of deionized water 

with a 10 mg manufactured catalyst for one hour. Then, 20 μL of catalytic ink was poured onto 

Ni-foam and allowed to dry. The oxygen evolution reaction (OER) via water electrolysis was 

studied using electrocatalyst/Ni-foam. 

2.7 Electrochemical measurements 

The electrochemical OER performances were conducted using electrochemical workstations 

(PGSTAT-204, Metrohm Autolab), cyclic voltammetry (CV), linear sweep voltammetry (LSV), 

electrochemical impedance spectroscopy (EIS), and chronoamperometry. These experiments were 

carried out in a pyrex glass cell shielded with Teflon using a standard three system with an 

electrode material deposited on nickel foam (1x 1 cm2) acting as the working electrode, Pt wire as 

the counter electrode, and Ag/AgCl as the reference electrode in an alkaline environment (KOH 

solution) at ambient temperature. Before use, NF was thoroughly cleaned by sonification for 10 

min in DI water, ethanol, and acetone. Aqua regia (HNO3/HCl; 1:3) was used to boil the 



electrochemical cell to remove impurities before employing DI water and acetone. Following 

washing, it was dried for 1 hour at 80 °C in a drying oven. Before using Pt wire in an electrolytic 

cell, it was also cleaned with HNO3 solution and then DI water. According to Eq. (1), all recorded 

potential values were examined about a reversible hydrogen electrode (RHE) [55]. 

ERHE = EAg/AgCl + 0.059*pH + E0                                                                        (1) 

Here, ERHE stands for the potential of the hydrogen electrode, EAg/AgCl for the potential of the 

Ag/AgCl electrode under study and pH for the electrolyte pH. 

The following equation was used to compute the overpotential (η) for OER[56]: 

η = ERHE − 1.23                                                                 (2) 

Data from linear and cyclic voltammetry were gathered for the reaction kinetics with 50% IR-

compensation at a scan rate of 5 mV s-1. Prior to collecting all of the electrocatalytic results to 

ensure successful results, the electrolyte was bubbled with argon gas for 45 minutes to validate the 

absence of O2 gas. In this instance, the geometric area (0.5 cm2) of the NF (working electrode) was 

used to determine all current densities. 

The electrocatalytic and dynamic performance reported in the following Eq 3. was examined using 

the Tafel slope method[57]. 

η = a +
2.303RT

αnF
log 𝑗                                                           (3) 

 

Where α denotes the charge transfer coefficient, n is the number of electrons involved in the 

reaction rates, η represents the overpotential value vs RHE, F stands for the Faraday constant, and 



j describes the current density at a particular overpotential value. The slope for the straight-line 

equation is represented as b. 

The double layer capacitance, which is equivalent to the ECSA of the working electrodes as 

synthesized, was calculated using the non-faradaic zone in the cyclic voltammetry runs and 

analyzed at different scan speeds (10, 20, 30, 40, 50, and 60 mVs1) in 1.0 M KOH against RHE. 

For ECSA calculations, the specific capacitance (Csp), which was taken into account as 0.04 

mFcm2 for an atomic scale flat planar surface electrode, was divided by the double layer 

capacitance (Cdl), which was determined using half of the slope of the plot (j vs. sweep range)[58]. 

ECSA =
Cdl

Cs
                                                                                            (5)   

In the frequency range of 0.1 Hz to 100,000 Hz, the electrochemical impedance approach was used 

in 1.0 M KOH at an applied voltage of (0.5 V) vs Ag/AgCl. The Rct and Rs values were calculated 

using the NOVA 2.1 programmed (PGSTAT-204) by fitting the straightforward Randle’s circuit. 

This measurement was made over the duration of the entire investigation, and EIS provides a 

semicircle-shaped curve in the high-frequency zone and a straight edge in the low-frequency 

domain. 

A good electrocatalyst should be active and also keep that activity going for a longer duration. Due 

to its excellent stability, it can effectively replace expensive catalysts, opening the door for its 

commercialization. Chronoamperometry can be used to confirm a nanomaterial's durability. For 

roughly 40 hours, the material's chronoamperometry was carried out at a potential of 0.8 V. 

2.8. Photocatalytic study 



To assess the photocatalytic efficiency of CuScS2/CoO, a solution containing 100 mL of methylene 

blue was placed in a 500 mL Pyrex glass beaker under visible light (Tungsten bulb 200 W) using 

homemade photo-reactor. The CuScS2, CoO, and CuScS2/CoO photocatalysts (0.1 g) were then 

added to the solution, and the mixture was stirred for 30 minutes to reach adsorption-desorption 

equilibrium. A 2 mL sample was extracted from the solution after 30 minutes of stirring in the 

dark, and its concentration was analyzed using a UV-visible spectrophotometer. Next, the 

suspension was exposed to sunlight/visible light and stirred continuously. Samples of the reaction 

mixture were collected every 15 minutes and analyzed using a UV-visible spectrophotometer to 

evaluate the photocatalytic activity, and the percent degradation efficiency was calculated using 

Co-Ct/Co *100, where Co is the initial concentration, Ct is the concentration of the dye concerning 

to the time under visible light irradiation. 

3. Results and discussion 

3.1. Structural and morphological characteristics 

Powder X-ray diffraction (PXRD) patterns are used to examine the uniformity and crystallinity of 

as-produced catalytic materials, as shown in Fig. 1. CoO nanoparticles' PXRD pattern shows that 

the diffraction pattern is in strong agreement and fits the simulated CoO pattern well. The cubic 

structure with the (111), (200), (220), (311), and (222) planes at 2θ = 36, 42, 61, 72, and 77°, 

respectively, correlate to the diffraction pattern of crystalline CoO (Fig. 1). Similar to this, the 

CuScS2 PXRD pattern demonstrated that all diffraction patterns are indexed to CuScS2 as shown 

in Fig.1 shows prominent CuScS2 peaks that can be assigned to the following planes/angles: 

(100)/27°, (101)/31°, (102)/40°, (003)/44°, (110)/48°, (013)/53°, (200)/56°, (022)/65°, (113)/68° 

and (203)/74, it shows that pattern of CuScS2 matched well with the available simulated pattern of 

CuScS2. The CuScS2 PXRD patterns further show that no additional peaks for impurities are seen, 



indicating that these samples were formed in a single phase and with a high degree of purity. 

Additionally, it was found that the pattern of CuScS2/CoO sustained its crystalline structure, 

remained unaltered, and retained the dominance of both phases, like CuScS2 and CoO synthesis, 

confirming the successful synthesis of the products. 

 

Fig. 1: XRD patterns of all synthesized materials like CuScS2, CoO, and CuScS2/CoO 

nanocomposite 



A further investigation using Fourier transform infrared (FTIR) spectroscopy is made into the 

production and appropriate incorporation of CoO nanoparticles into CuScS4. The FT-IR spectra of 

each synthesized sample are shown in Fig. 2. The CoO vibrations cause a characteristic absorption 

peak in the FTIR spectra at 764 cm-1 [59] which is due to Co-O vibration. The vibrational 

frequencies of the H-O and C-O-C functional groups were present from the adsorbed H2O and CO2 

molecules on the surface of the entire product at 2375 and 3341 cm-1 [60]. The prepared sample 

CuScS2's FTIR spectrum is shown in Fig.2. The Cu-Sc, Sc-S, and CuS bands from the constructed 

heterostructure molecule of CuScS4 can be ascribed to the vibration frequencies of the observed 

strong peaks at 678, 784, and 882 cm-1. The bands between 400 and 800 cm-1 in the CuScS2/CoO 

FTIR spectrum relate to the typical bending vibration of Cu-Sc, Sc-S, and Cu-O at 678, 882, and 

764 cm-1, respectively [61, 62]. The existence of these bands demonstrated the production 

efficiency of the produced nanostructure. 



 

Fig. 2: FTIR spectrum of CoO, CuScS2 and CuScS2/CoO nanocomposite 

Scanning electron microscopy (SEM) analysis was used to assess the morphology and content of 

all the produced samples. The SEM images of CoO, CuScS2 and CuScS2/CoO are shown in fig. 3 

(a-c), respectively. The CoO has developed into uniform distribution crystals with irregular 

round shapes, as shown in fig. 3(a). The CuScS2 has developed into well-defined block-shaped 

particles, as illustrated by the SEM image (Fig. 3b). Furthermore, the SEM image of 

CoScS4/CoO nanocomposite was shown in fig. 3c and d revealed SEM micrographs indicating the 

formation of the nanocomposite, demonstrating the presence of both phases, which were helpful 

for the easy transfer of electrons during the photochemical as well as the electrochemical reaction. 



TEM pictures show the insight view of CuScS2/CoO nanocomposite showing the morphology, 

which is compatible with SEM images of the freshly exposed surface, which show defined 

boundaries as shown in fig. 3 e and f at low and high magnification. Furthermore, this type of 

morphology leads to a considerable increase in specific surface area and permeability within the 

resultant fabricated materials. These interrelated features causing more active sites that contribute 

to higher OER activity.  

 



Fig. 3: SEM image of a) CoO, b) CuScS2, and c-d) CuScS2/CoO nanocomposite, (e-f) TEM 

micrograph of the nanocomposite at low and high magnification. 

The elemental compositions of the produced materials were determined using energy dispersive 

spectroscopy (EDS). Figure 4 (a-c) depicts the distribution of all elements present in the fabricated 

material like CoO, CuScS4 and the nanocomposite materials. 

 

Figure 4: EDX spectrum of (a) CoO, (b) CuScS4, and (c) nanocomposite materials. 

The nitrogen adsorption/desorption isotherm (777 K), as well as the pore size distribution analysis, 

were used to evaluate the textural characteristics of all the manufactured materials, as shown in 

fig. 5(a-b). The CoO, CuScS2, and CuScS2/CoO have BET surface areas of 23, 39, and 54.7 m2/g 



and pore volumes of 0.33, 0.49, and 0.54 cm3, respectively. The resultant BET isotherm shows 

type-IV with mesoporous nature, having much active sites on the surface of the fabricated 

materials because they have better active sites on the surface, because the electrode materials with 

bigger surface areas typically have better efficacy for the transportation of electrons. 

 

Fig. 5: a) BET isotherm, b) pore size distribution of CoO, CuScS2, and CoO/CuScS2 

nanocomposite.  

Figure 6 (a-c) displays the UV-visible DRS spectra of CoO, CuScS2, and CuScS2/CoO, which 

reveal that the formation of the nanocomposite shifts the light absorption capacity towards the 

longer wavelength region. CoO exhibits an absorption peak in the UV range at 240 nm, attributed 

to its wide bandgap. CuScS2 structure improves the visible light absorption due to its 

photosensitizing effect, using tauc’s plot and by extrapolating the horizontal and steeply increasing 

segments of the curves at the intersection of wavelength, the absorption peaks for CuScS2 and 

CuScS2/CoO were identified at 340 and 446 nm, respectively. The bandgaps for CoO, CuScS2, 

and CuScS2/CoO were determined as 2.75, 2.3 eV and 1.55 eV, respectively as depicted in fig. 6d-



f, indicating that the nanocomposite (CuScS2/CoO) has a smaller band gap to control the electron-

hole recombination process. Therefore, CuScS2/CoO can be utilized as an effective photocatalyst 

under visible light for the degradation of organic pollutants (methylene blue). 

 

 



 

Fig. 6: a-c) UV visible absorption spectra, (d-f) Tauc plot for band gap calculation 

3.2. Electrochemical measurements 



For the oxygen evolution reaction, a three-electrode system was modified to test the OER 

electrochemical performance of the produced CoO, CuScS2, and CuScS2/CoO electrocatalysts. As 

shown in Fig. 7 (a,b), CV and LSV were used to characterize the OER efficiency of CoO, CuScS2, 

RuO2, and CuScS2/CoO measured at a scan rate of 5 mV s-1. To achieve a current density of 10 

mA cm-2 and 100 mA cm-2, CoO, CuScS4, RuO2, and CuScS2/CoO exhibit the onset potential and 

overpotential listed in Table 1.   Because of the synergistic impact of CuScS2/CoO heterostructure, 

CuScS2/CoO has a lower onset and overpotential than individual CoO and CuScS2 in this situation. 

The improved OER performance of the CuScS2/CoO electrode material may also result from the 

CuScS2/CoO heterostructure's reduced nuclei production and good morphology, as well as high 

BET surface area. 

Table 1: Comparison of Overpotential, Onset potential and Tafel slope for CoO, CuScS4, RuO2, 

and CuScS2/CoO nanocomposite. 

Materials Overpotential 

(mV) at 10 mA 

cm-2 

Overpotential 

(mV) at 100 

mA cm-2 

Onset Potential 

V 

Tafel slope mV 

dec-1 

CoO 242 440 1.45 83 

CuScS2 201 399 1.42 65 

RuO2, 248 330 1.43 - 

CuScS2/CoO 179 297 1.41 46 

 



 

Fig. 7: (a) CV polarization curves of all synthesized materials (b) LSV curves (c) Comparison of 

Overpotential CoO, CuScS2, RuO2, and CuScS2/CoO composites (d) Tafel slope 

In order to investigate the dynamics by fitting the linear sections, Tafel plots of all the synthesized 

materials were additionally obtained by polarization curves (Fig. 7d). The OER is a complicated 

multistep proton/coupled reaction, hence it is essential to calculate Tafel values using a specific 

kinetic approach. Surface roughness homogeneity, intrinsic resistance, and variance in the charge 

transfer coefficient all have an impact on the Tafel value. On the other hand, electron transfer 

might be a practical technique to get details regarding the OER electrocatalytic effectiveness. A 



lower Tafel value suggests a reduced overpotential requirement for the electrocatalyst to reach a 

higher current density. In Table 2, the observed Tafel slopes for CoO, CuScS2, and composites of 

CuScS2 and CoO are listed. The CuScS2/CoO (46 mV dec-1) composite has a much lower Tafel 

slope value compared to CoO (83 mV dec-1) and CuScS2 (65 mV dec-1), demonstrating a faster 

rate of electron transport. The CuScS2/CoO heterostructure consequently exhibits a remarkable 

synergistic impact and a lower Tafel slope as a result. Due to its conductivity, Cu, Sc, and Co have 

typically been suggested as effective electrode materials for OER. 

The following details the potential O2 evolution mechanism of CuScS2/CoO. The CuScS2/CoO 

electrode surface oxidized to Cu+2, Co+2 and Sc+2 during coordination in an alkaline solution, 

leading to the formation of metal hydroxides and oxides, i.e., MOOH (where M=Co, Cu and Sc), 

and the ensuing oxidized Cu+2, Co+2 and Sc+2 ions catalyze the oxidative water reaction related to 

metal oxides and hydroxides in alkaline media to produce OERs. As a result, the deprotonation 

associated with the active sites during the production of intermediates (oxyhydroxide) leads to a 

quick evolution of oxygen [63]. CuScS2/ CoO's hypothesized OER process is assumed as. 

M + OH -    →  M–OH- + e-                                                                  (6) 

M–OH- + OH-   →  M–O + H+ + e-                                                       (7) 

M–O + OH- →   M–OOH + e-                                                              (8) 

M–OOH + OH- → M + O2(g) + H+ + e-        (9) 

The double-layer capacitance was measured to do the electrochemical experiments for the OER 

process. Five CV scans (30-90 mV/s) with scan intervals of 5 mV s-1 each were carried out in the 

non-Faradaic region's small window (Fig. 8a–c). The roughness factor, Faradaic current 

attribution, and porousness of the catalyst can all cause the CV curves to break at some time. By 



setting j against the sweep rate, the results from the CV scan were then used to calculate the slope. 

The slope was determined to be 0.0028, 0.0045, and 0.010 mF/cm2, respectively, for pure CoO, 

CuScS4, and CuScS2/CoO. The comparable Cdl values for CoO, CuScS2, and CuScS2/CoO are 

0.0014, 0.0025, and 0.005 mF/cm2, respectively (Fig. 8 (d-f)). Electrocatalyst specific area (ECSA) 

was calculated by dividing each Cdl value by the surface-normalized specific resistance. For the 

aforementioned electrocatalysts, the ECSA was computed as 0.35, 0.625, and 1.25 cm2 for CoO, 

CuScS4, and CuScS2/CoO nanocomposite, respectively. 



 

Fig. 8: CV curves (a) CoO, (b) CuScS4 and (c) CuScS2/CoO (d-f) Cdl of CoO, CuScS2 and 

CuScS2/CoO nanocomposite. 

  



For EIS, the electrocatalytic workstation was also equipped with Nova 2.1 software to test the 

electrocatalytic performance of the synthesized electrode materials in the frequency range of 10 to 

100 kHz. Fig. 9 shows the Nyquist plot for CoO, CuScS4, and CuScS2/CoO electrode with Randle's 

circuit inset. Due to its lower diffusion resistance, excellent capacitive properties, and greater 

electrochemical surface area, the CuScS2/CoO manufactured electrode exhibits the shortest 

semicircle of any electrode compared to pure nanomaterial. These results suggest that the abundant 

oxyhydroxide active sites that are easily absorbed onto the contact surface of the electrode material 

with the electrolyte, favoring the electrocatalytic OER, may be responsible for the considerably 

higher charge transport potential of the synthesized CuScS2/CoO electrode at 0.5 V. 

 

Fig.9: EIS Nyquist plots for all the synthesized electrocatalysts. 



 

Table 2: Comparative study with other reported results. 

Serial.No Electrocatalyst Substrate  Electrolyte  Overpotential 

(mV) 

References  

1 CoNiSe/NC Carbon 

Cloth 

1 M KOH 270 [64] 

2 NiCo2Se4 Glassy 

Carbon 

1 M KOH 300 [65] 

3 NiCoSe2 Glassy 

Carbon 

0.1 M KOH 360 [66] 

4 NiCo2O4 Glassy 

Carbon 

0.1 M KOH 430 [67] 

5 N, Fe-NiSe@NIF Ni/Fe-alloy 1 M KOH 232 [67] 

6 CoSe2/FeSe2 Ni Foam 1 M KOH 240 [68] 

7 Co3Se4/FeSe2    [69] 

8 Ni1-xCoxSe2-y-

OOH 

Carbon 

Fiber Paper 

1 M KOH 233 [70] 

9 Ni1-xCoxSe2 Graphite 

Foil 

1 M KOH 264 [71] 

10 Fe40Co40Se40 Carbon 

Fiber Paper 

1 M KOH 307 [72] 

11 NiSe/Ni3Se2/NF Ni foam 1 M KOH 260 [73] 

12 CuScS2/CoO Ni foam 1 M KOH 179 This work 



 

 

Fig.10: (a) Chronoamperometry of the nanocomposite (b) CV cycles, (c) XRD after stability test, 

and (d) TEM micrograph of the nanocomposite. 

Furthermore, the lifespan and durability of electrocatalysts are important factors in the 

development of low-cost and extremely effective electrocatalysts for OER. Chronoamperometric 

measurements were carried out for 25 hours at the appropriate static potential vs RHE to test the 

electrocatalysts' stability.  The amperometry i-t plot of the CuScS2/CoO nanocomposites is shown 

in Fig. 10a, and it shows that the electrocatalyst has unusually high durability and steady-state 

oxidative potential without any appreciable changes in the current density up to 50 hours. Fig. 10b 



shows the CV polarization curves for CuScS2/CoO electrocatalyst before and after 3000 CV cycles 

at a 10 mV s-1 scan rate, respectively. Additionally, Fig. 10b shows minor variations in the first 

and 3000 cycles, indicating that the OER keeps its electrochemical performance for a longer period 

of time. Fig. 10 c and d represents the XRD and TEM micrograph of the nanocomposite after the 

stability test to confirm the structural and morphological analysis. The resultant analysis show a 

little change in the peaks intensities of the XRD pattern but the peaks position remained at same 

2-theta indicating that the composite material has good structural stability while the 

agglomerations can be seen on the surface after stability which may be due to the adsorption of 

various species on its surface. Hence, in this study the CuScS2/CoO composite's higher 

electrocatalytic activity than pure CuScS2 and CoO can be due to synergistic interactions between 

their close proximity, complementing characteristics, and also the composite possesses a clearly 

defined heterostructure with higher surface area that enables effective charge transfer between 

CuScS2 and CoO. As a result, several active sites are created, and reactants can be adsorbate and 

activated on the surface of the fabricated materials. For the necessary electrocatalytic process, 

CuScS2/CoO has a lower onset potential and a larger current density, which can be attributed to 

improved conductivity and optimal energetics at the interface, according to electrochemical 

investigations. It is shown that CuScS2/CoO have the potential to be used as electrocatalysts for a 

variety of processes by utilizing their natural catalytic capabilities to enhance reaction kinetics and 

overall performance. 

Photochemical study  

Fig. 11 (a-c) depicts the UV graphs to conform the photocatalytic activity of the as-prepared 

photocatalysts towards the photodegradation of methylene blue under visible light. To compare 

the photocatalytic activity of pure CoO, CuScS4, and CuScS2/CoO, photodegradation tests were 



done by irradiating 100 mg L-1 solutions of methylene blue and 0.1 g of the catalyst at room 

temperature for 80 minutes under visible light. Prior to irradiation, the catalyst and methylene blue 

solution were magnetically swirled for 30 minutes in the dark to achieve equilibrium between 

adsorption and desorption. A blank experiment was also conducted by swirling the pure dye 

solution for one hour without a catalyst. CuScS2/CoO samples had more photocatalytic activity 

than pure CuScS2 and CoO. In the presence of pure CoO, CuScS4, and CuScS2/CoO 

nanocomposite, the elimination percentages of methylene blue were determined to be 36%, 46%, 

and 92%, respectively, as depicted in fig. 11d. The decreased photocatalytic activity of CoO can 

be due to its large bandgap (2.49 eV), which hinders the production of excitons when illuminated 

with visible light.  



 

Fig. 11: (a-c) Absorbance spectra, d) degradation (%) of CoO, CuScS4, and CuScS2/CoO 

nanocomposite. 

The positions of the valance and the conduction bands have been calculated using following 

equation: 

ECB = X − Ec − 0.5Eg  

EVB = X − Ec + 0.5Eg 

Where ECB and EVB are the edge potentials of the conduction and valance bands, respectively, 

and X is the geometric mean electronegativity of the constituent elements. The X values of CoO 



and CuScS2 are 1.56 and 2.10, respectively. Ec is the energy of unconstrained electrons on the 

hydrogen scale (4.5 eV), and Eg is the bandgap energy. Based on the Tauc graphs in Figure 6(d-

e), the Eg values of CoO and CuScS2 were determined to be 2.75 eV and 2.3 eV, respectively. 

The CoO and CuScS2 ECB values were calculated and found to be -4.31 eV and -3.55 eV, 

respectively, whereas EVB values were -1.57 eV and -1.25 eV. The energy diagram has been built 

based on the calculated values of the valance and conduction band potential edges illustrated in 

Fig. 12. Photogenerated electrons from the CoO conduction band may be easily transported to the 

CuScS2 conduction band, reducing hole and electron recombination, as shown in Fig. 12. The 

decrease in e/h+ pair recombination boosted the photocatalytic effectiveness of the nanocomposite. 

Hence, oxygen molecules in the dye solution coupled with electrons to generate superoxide radical 

(•O2), whereas holes mixed with H2O to generate hydroxyl radical (•OH) [74-76]. The holes at the 

VB of CoO immediately oxidized MB, and the powerful oxidant radicals •OH and •O2 destroyed 

the MB molecule effectively. The following is our suggested mechanism for the degradation of 

MB by CuScS2/CoO in the presence of sunshine.  

CuScS2/CoO + hν → CuScS2/CoO (eCB
− + hVB

+)                      (1) 

e−(CB) + O2 → •O2
−                                                                   (2) 

h+(VB) + OH− → •OH                                                                (3) 

•O2
− + MB → products (degraded)                                           (4) 

•OH + MB → products (degraded)                                            (5) 

                       h+(VB) + MB → Final products                                                (6) 



 

Fig. 12: Schematic illustration of the photocatalytic mechanism 

Summary  

To summarize, the CuScS2/CoO nanocomposite was synthesized using a hydrothermal method. 

Furthermore, the structure, morphology, and performance were evaluated using various analytical 

techniques. The CuScS2/CoO nanocomposite exhibits excellent OER efficiency, with a low 

overpotential of 179 mV and a reduced Tafel slope of 46 mV dec-1. The lower Tafel slope of the 

CuScS2/CoO nanocomposite promotes the OER reaction by facilitating ion exchange through the 

formation of oxygen vacancies in the nanostructure, which provides a large surface area. The 

synergy between CoO and CuScS2 also enhances the flow of electrons, further improving the 

efficiency of the OER reaction. The composite material also showed good photocatalytic activity 

of 92 % degradation efficiency under visible light. To summarize, the CuScS2/CoO nanocomposite 

demonstrates superior oxygen electrode performance in aqueous electrolytes for hydrogen fuel 

production by water electrolysis compared to other nanomaterials and used for water treatment. 

This method of creating nanomaterials with unique morphologies can be used to improve the 



various electrochemical properties, such as photoelectrochemical and electrocatalytic 

performance, among others. 
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