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NANOSTRUCTURED COBALT SULFIDE FOR ENERGY GENERATION AND 

ENERGY STORAGE APPLICATIONS: 

EFFECT OF COBALT SULFIDE PHASE ON ELECTROCHEMICAL PROPERTIES 
 

 

An Abstract of the Thesis by 

May Altammar 

 

 

Increasing global population has caused increased energy demand for our daily 

needs such as household appliances, portable electronic devices, automobiles, aerospace 

vehicles and industrial equipment. It is an urgent need of our current technological world 

to produce and store the energy efficiently and in an eco-friendly way. Fuel cells and 

supercapacitors are among widely used energy conversion and storage devices. To meet 

our growing needs, this thesis is extensively focused towards advanced energy material 

with multifunctional capabilities to act as remedial solutions for energy generation and 

storage material. In this work, nanostructured cobalt based oxides, hydroxides and sulfides 

were synthesized using a facial hydrothermal method. Phase purity and physical 

morphology of the synthesized materials were characterized using X-ray diffraction 

spectroscopy (XRD) and scanning electron microscopy (SEM), respectively. The electro 

catalytic performance of the cobalt based materials were analyzed for supercapacitor and 

water splitting application. The properties of supercapacitance were measured by using a 

three-electrode system. Galvanostatic charge-discharge (CD) and cyclic voltammetry (CV) 

process were used to investigate the energy storage capacity, while electrocatalytic water 

splitting activities were studied by cyclic voltammetry, linear scanning voltammetry (LSV) 

and electrochemical impedance spectroscopy (EIS). 

 The optimized cobalt based materials cobalt sulfide Co3S4 exhibited outstanding 

electrochemical stability with maximum specific capacitance of 12.751 mF/cm2 at 2 mV/S. 

https://en.wikipedia.org/w/index.php?title=Electrochemical_Impedance_Spectroscopy&redirect=no
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The best sample of cobalt based materials showed excellent stability for 5,000 cycles of 

the charge-discharge study with almost 100% charge retention and coulombic efficiency. 

In contrast, the electrochemical properties toward hydrogen and oxygen evaluation 

reactions required low over-potential of 217 mV and 126 mV at 10 mA/cm2, respectively. 

Hence, from this work we observed that cobalt sulfide Co3S4 could be a promising multi-

functional material for high performance, durable energy generation and storage devices. 
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CHAPTER I 

 

 

INTRODUCTION 

 

 

1.1 Renewable energy: 

The growing population around the world and consumption of fuel energy have 

caused a rapid increased of global warming, air pollution, and environmental issues. The 

power demand has been running ahead of supply and the electricity requirements are 

swelling at an alarming rate.1 With highly dependence of life on technology, energy storage 

and generation is in need. Nowadays, scientists are becoming more interested in searching 

for alternative energy sources particularly renewable energy for example, energy 

independence and energy security. The German Federal Government 2 has set itself the 

objective of generating total electricity the country needs from sun, wind, biomass, by 

2050.2 In spite of the eminent potential of renewable energy resources like solar power, 

wind and geothermal, their applications could be limited due to the reliability of supply 

which means the renewable energy reckons on the weather conditions for its source of 

power.3,4 Therefore, powerful, sustainable energy storage devices are necessary to their 

applications. Hence, i good options to overcome the negative impact of conventional 

resource are required. 

1.2 Need for energy storage application: 

  With the expansion in energy claimed, enhancing low-cost, eco-friendly, 
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sustainable, and efficient energy storage and generation technologies have become one of 

the desired approaches for the energy science and technology. Amongst various energy 

storage, electrochemical ones such as fuel cells, batteries and supercapacitors have been 

recognized as significant energy storage applications. Particularly, supercapacitors have to 

be considered because of their characteristics and functional electronic features. 

1.2.1 Supercapacitor:  

A supercapacitor also known as an ultracapacitor is one of the challenges energy 

storage device.5 The mechanism of operation is similar to a conventional capacitor. It 

consists of two electrodes but the difference is that the two electrodes are separated by an 

electrolyte instead of solid dielectric.6 Supercapacitors integrate the properties of energy 

storage of batteries with the characteristics of power discharge of capacitors. Consequently, 

supercapacitors can produce greater energy densities than conventional capacitors and 

higher power densities than fuel cells and batteries.7 Therefore, supercapacitor technology 

gives an access to fill the gap between capacitor and battery as shown in Figure 1.1. 

 

Figure 1.1: Ragone plot for energy density versus power density. 
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 In the matter of classification of supercapacitance based on charge-storage 

mechanism, there are two types of supercapacitors: electrochemical double layer capacitors 

EDLCs and pseudo capacitors. In EDLCs, the mechanism of storage charge utilizes 

electrode/electrolyte interfaces. Hence, the difference in the potential across EDLCs 

stimulates different polarity of the electrode, which induces electrolyte ions to migrate to 

the electrode microporous. So, the capacity in EDLCs relays an electrostatic charge 

controlled by the thickness of the double layer at the electrode/electrolyte interface (non-

faradic reaction).7 Activated carbon material is used in this kind of supercapacitance. 

Nevertheless, the capacitor in pseudocapacitors depends on electrochemical faradic 

reactions.7 Fast reversible oxidation /reduction faradic reaction can provide 10-100 times 

more than pure- carbon based EDLCs.7,8 Because of their pseudocapacitive property to 

give excellent capacity, conductive polymers and nonprecious transitional metal such as 

cobalt oxide, nickel oxide are usually used as electrode material. When electrochemical 

double layer capacitors and pseudocapacitors are used, they lead to hybrid capacitors. 

  In general, the key attributes making supercapacitors more engaging as promising 

energy storage devise are long cycle life, fast charge-discharge, and wide operating 

temperature scope, higher power density than battery and larger energy density than 

conventional capacitors. In spite of all these advantages, supercapacitance is still suffering 

from low energy density. This challenge has spotlighted supercapacitance for future energy 

storage applications. 

1.2.2 Water splitting and energy: 

Nowadays, modern society and advanced technology are involved in an unorthodox 

accretion rate of imitative fuel cell use. Environmental hazard and emitting of those carbon 
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fuels have motivated the scientific community to discover green energy.  

Water splitting is effective method to generate energy and meet the features of zero 

carbon emission, because it is eco-friendly, and has everlasting fuel cell energy. Water 

splitting results in two half-cell reactions, hydrogen evaluation reaction at cathode and 

oxygen evaluation reaction at anode respectively as following:9 

2H (aq) + 2e– → H2 (g)……(1) 

2H2O (l) → O2 (g) + 4H+ (aq) + 4e– ……. (2) 

However, thermodynamically, because water splitting takes place at overpotential 

of 1.23 V (vs. RHE) for OER and zero V (vs. RHE) for HER, both oxygen and hydrogen 

evaluation reactions are restricted by the low electrocatalytic efficiency and high 

overpotential. Furthermore, the feasible implication of this technology is limited by the 

rarity of active earth metal-based catalysts.10,11  

Recently, water electrolysis is a sector where the technology required to be 

developed overcomes the high overpotential. Transition metal oxides, hydroxides, 

phosphides, and sulfides such as CoS, MoS2, NiO and CoOH are being utilized as 

sustainable, cost affective and alternative catalysts for noble metals.9 Figure 1.2 

demonstrates the schematic of water electrolysis to generate green energy. 

 

Figure1.2: Schematic of water electrolysis to generate energy. 
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1.3 An efficient material for energy storage and generation applications: 

1.3.1 Cobalt oxide: 

In recent years, cobalt oxides have captivated an enormous amount of attentiveness 

for extended technology applications involving sensing and electronic, biomedical devices 

and electrocatalysts for the oxygen evolution reaction.12 Also, cobalt oxides have attracted 

great attention in capacitive behavior. Using cobalt oxides as functional electrode in 

supercapacitors are becoming increasingly an efficient route.13 These features of cobalt 

oxides could be assigned to multiple redox phases CoO, Co2O3, and Co3O4, with their 

properties, such as excellent electrochemical performance, high saturation magnetization 

and stable catalytic activity.12 Moreover, recent research has focused on Co3O4 to enhance 

the electrochemical property for energy storage and generation applications since the 

Co3O4  possesses a theoretical specific capacitance of (3560 F/g).13,14,15,16,17   

1.3.2 Cobalt sulfide:  

With demand growing for high efficient electronic devices for supercapacitors and 

energy generation, cobalt sulfide has been considered as a dynamic material as an electrode 

toward great mechanism for supercapacitance and energy generation.18,19 Noteworthy 

electrochemical properties of cobalt sulfide could be utilized in various potential 

applications such as charge storage devices, catalysts, solar cell as counter electrode, and 

advance Li-ion batteries.18,20,21 

Over the last view years, the scientific community has focused on cobalt sulfides 

since cobalt sulfides own different faces of Co4S3, Co9S8, CoS2, Co3S4, Co1-xS, Co2S3, 



 6 

which can play an extensive role in fast-improving domain of new energy devices. Multiple 

and fast charge/discharge cycles make cobalt sulfides promising material for energy 

generation and energy storage applications. 22,23,24 

Moreover, Hu et al. recorded that nanostructure and morphology of cobalt sulfides 

could have an effect on the electrochemical performance of the phase.25 Cobalt disulfide 

CoS2 nanoparticles and cobalt sulfide CoS nanoflakes were synthesized by using facial 

solvothermal method. Sulfur powders and thiourea were consumed in synthesize.  In 

addition, it was realized that there is no impact of the amount of thiourea on their phase 

structure, but the influence only was on their morphology’s impact. Regular hexagonal 

shape and single-crystalline cubic structure were observed corresponding to CoS 

nanoflakes and CoS nanoflakes respectively. 

As more evidence, Esam Alqurashi,26 synthesized hollow structured cobalt sulfide  

in a hydrothermal process. The result showed the obtained electrode hexagonal Co1-xS 

phase of cobalt sulfide exhibited a Tafel slope of 97 mV per decade as an electrocatalyst 

for hydrogen evaluation reaction. Specific capacitance from cyclic voltammetry test was 

867 F/ g at 5 mV/ s. The specific capacitance was retained even after 5000 charge–

discharge cycles. All these results confirm unique and stable electrochemical performance 

of Co1-xS for future energy application. 

         In addition, crystallinity, morphology, pore structure and nanoparticles have obtained 

remarkable attention to develop electrochemical property of the electrode. Xueting,27 has 

successfully fabricated cobalt pentlandite Co9S8 in a one-step solvothermal process. The 

SEM result indicated to hollow sphere nanostructure phase of Co9S8. This nanostructure 

could be explained by a large surface area and stellar electrocatalytic performance for 
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oxygen evaluation reaction. A nitrogen adsorption−desorption test was used to illustrate 

the pore distribution of the structure. The hollow spheres displayed intense pore 

distribution with a size of 4.3 nm. The hollow spheres showed a significant overpotential 

of 285 mV at 10 mA cm-2 with Tafel slope of 58.0 mV/decade, which means the 

morphology of Co9S8 could accord profuse electroactive positions for reversible adsorption 

of oxygen on the catalyst surface and noteworthy short pathway diffusion of the electrolyte. 

So, outstanding electrochemical performance of different phases of cobalt sulfides is highly 

dependent on their morphology, size, porosity and pore size distribution  

1.4 Theme of this research: 

The theme of this research is to use facial hydrothermal process to synthesize 

multifunctional nanostructured cobalt- based materials for energy generation and storage 

applications. Furthermore, another objective of this research is to investigate the effect of 

cobalt sulfide phase on electrochemical properties. Cyclic voltammetry, Galvanstatic 

charge-discharge measurements, electrochemical impedance spectroscopy, and linear 

sweep voltammetry were studied in accurate details toward electrochemical properties for 

supercapacitor and water catalysts.   
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CHAPTER II 

 

 

EXPERIMENTAL DETAILS 

 
 

2.1 Materials: 

The substances required to synthesize different faces of cobalt- based material 

were Cobalt acetate tetra hydrate Co(Ac)2 .4H2O (Acros organics), Ethylene glycol 

C2H6O2, thiourea (NH2)2CS (MP Biomedicals, LLC), and urea(NH2)2CO (Fisher Sci) and 

deionized (DI) water. In addition, for electrode fabrication Ni-foam, acetylene black, 

polyvinylidenedifluoride (PVdF), N-methyl pyrrolidinone (NMP) were used. All 

chemical materials were utilized without further purification. 

2.2 Synthesize different face of nanostructure cobalt sulfide: 

Several faces of cobalt sulfide CoS were prepared by using the facile hydrothermal 

method. First three samples (5 mM = 1.245 g) of cobalt acetatetetrahydrate [Co(Ac)2 

.4H2O] were dissolved in three beakers of 30 ml ethylene glycol and then different weight 

of thiourea (5 mM = 0.381 g), (10 mM = 0.762 g), (15 mM = 1.143 g) were dissolved in 

the same solutions respectively . The entire solutions were transferred to three of a 45 ml 

Teflon lined autoclave having a pre-cleaned Ni foam. Then the autoclaves were maintained 

at 190 C for 8 hrs and then cooled down to room temperature naturally. The Ni foams 

were taken out and the powder was filtered using vacuum filtration and washed several 

times with DI water. The powder was dried at 60 C for 6 hrs. 
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2.3 Synthesis of nanostructured cobalt oxide: 

Cobalt oxide was synthesized by using the facile hydrothermal method. Cobalt 

acetate tetra hydrate [Co(Ac)2.4H2O] was first dissolved in 30 ml ethylene glycol and then 

urea was dissolved in the same solution. The entire solution was transferred to a 45 ml 

Teflon lined autoclave having a pre-cleaned Ni foam. The autoclave was maintained at 190 

C for 8 hrs and then cooled to room temperature naturally. The Ni foam was taken out and 

the powder was filtered using vacuum filtration and washed several times with DI water. 

The powder was dried at 60 C for 6 hrs. Half of the powder and one nickel foam was 

calcined at 350 C (5 C/min) for 6 hrs. The details of materials synthesis are explained in 

Table 2.1.  

 

 

               Table 2.1: Experimental details of cobalt based materials synthesis  

Sample code Cobalt acetate 

tetra hydrate (g) 

Ethylene glycol 

(ml) 

Urea (g) Thiourea (g) 

Co9S8 (S1)  1.245 30 _ 0.381 

Co3S4(S2)  1.245 30 _ 0.762 

Co3O4 1.245 30 0.30 _ 

 

 2.4 Material characterizations: 

X-ray diffraction spectroscopy, X-ray photoelectron spectroscopy and scanning 

electron microscopy are powerful techniques that have been used to examine the 

characterizations of the samples synthesized. More specifics details follow:  
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2.4.1 X-ray diffraction spectroscopy: 

The synthesized materials structures ware investigated utilizing a Shimadzu X-ray 

diffractometer set on the 2θ-θ scan with CuKα1 (λ=1.5406 Å) radiation, which was 

generating at a current of 30 mA and 40 kV of voltage. In terms of detector and source, 

0.2 mm of slits was used. The X-ray radiations were lightening directly on the sample 

and the diffracted radiations were collected and recorded while the sample was rotated 

through the angle range of 2θ = 10°−80°. To obtain the geometry, the X-ray detector was 

designed so that the angle between the detector and the atomic planes was 2θ as shown in 

Figure 2.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.2 Scanning electron microscopy:  

A topographic technique by scanning electron microscopy was utilized to study 

the morphology and the physical image surface of the material synthesized. The 

advantage of using SEM is to demonstrate the formation mechanism for material 

synthesized in very critical range size micrometers (μm) and nanometers (nm). This 

assisted the ability to observe and analyze the characterization of each sample clearly. 

 

X-Ray 
source 

X-ray 
detector 

θ 2θ 

Sample 

Figure 2.1: Schematic diagram of an X-ray diffractometer. 
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The shapes and the particle’s sizes were provided with the cooperation of the University 

of Kansas. 

2.5 Electrochemical measurements of cobalt-based material for supercapacitor and 

water splitting: 

 Electrochemical features of the cell were tested by using a three-electrode system, 

which contains a working electrode as-synthesized on Ni-foam, a counter electrode as 

platinum wire and a reference electrode as saturated calomel electrode. The 

electrochemical properties of the electrode for supercapacitance and water electrolysis 

have been done in 3M KOH electrolyte and 1M KOH respectively. The schematic 

diagram of the three electrode system is shown in Figure 2.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             

 

 Ni-foam was purified using 3M HCl acid then was washed with DI-water before 

the preparation of the electrode. The cleaned nickel foam was dried in the vacuum oven for 

1 h at 60 oC. Then pure Ni foam was used as in the synthesizing processes for cobalt oxide, 

S1 and S2 to prepare the working electrode. The area of the electrode was successfully 

  Potentionstat 
Reference 
electrode 

Working  
electrode 

Counter 
electrode 

Figure 2.2: Three cell electrochemical measurement system. 
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measured in order to investigate the electrochemical properties of the electrode as 

supercapacitance and water electrolysis. The electrochemical measurements of all 

materials synthesis were evaluated at room temperature by utilizing cyclic voltammetry, 

Galvanostatic charge-discharge, and electrochemical impedance spectroscopy methods, 

whereas all the electrochemical experiments were driven on a Versastat 4-500 

electrochemical workstation (Princeton Applied Research, USA). VersaStudio software 

provided by Princeton Applied Research was chosen to analyze the electrochemical data. 

Cyclic Voltammetry technique was used to investigate the charge storage of cobalt-based 

material as supercapacitor. The experiment was performed at several scan rates of (1-300 

mV/s) in a potential range around 0 V to 0.6 V.  Galvanostatic charge-discharge 

measurements were recorded at various current densities of (0.5 - 50) mA/cm2 in a potential 

range of (0 - 0.6) V. For EIS, analyses were tested in the frequency range of 0.05 – 10.000 

Hz with an amplitude of 10 mV.   

In contrast, water electrolysis is considered one of the challenges to generate 

hydrogen production with low cost and high efficiency electrocatalysts. 

Thermodynamically, water splitting required 1.23 V in order to drive the reaction as 

following28: 

2H2O → 2H2 + O2 …. (3) 

Water splitting without an efficient electrode is unfavorable because of the demand 

to input a large amount of potential energy called overpotential to force the reaction occurs 

as shown in Figure 2.3. Therefore, oxygen evaluation reaction OER and hydrogen 

evaluation reaction HER of cobalt-based materials were studied using electrochemical 

measurements in 1M KOH as an electrolyte. Linear sweep voltammetry, electrochemical 
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impedance spectroscopy, and chronoamperometry were approached to demonstrate the 

OER/HER competence of electrode prepared. For OER, The LSV was carried out at a scan 

rate of 2 mV/s with a potential range of 0.14 – 0.84 V, while the condition of HER was 

applied at 2 mV/s scan rate in a potential range of (-0.9 − -1.7) V v.s Hg/Hg2Cl2. 

 

 
 

Figure 2.3: Schematic representing water splitting reactions. 
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CHAPTER III 

 

 

RESULTS AND DISCUSSION 

 

 

3.1 Characterization of materials synthesized  

 

3.1.1 X-ray diffraction analysis: 

Specific techniques such as powder X-ray diffraction technique were employed to 

determine the characterization of the hydrothermal synthesized, identification of 

crystallinity and phase purity. Figure 3.1-3.3 exhibits the XRD pattern of all final material. 

There are three main diffraction peaks corresponding to (001), (101), and (111) planes 

indicate uncalcined sample beta-Co(OH)2 structure.29 All the diffraction peaks in Figure 

3.2 show the broad and intense peaks suggesting highly crystalline nature of face-centered 

cubic structure of Co3O4. Moreover, no diffraction peaks appear except Co3O4, 

emphasizing the phase purity of material synthesized after being calcined.30 Figure 3.3 

shows the XRD patterns of the Co9S8 and Co3S4 synthesized samples. The pattern of Co9S8 

shows diffraction peaks of (311), (420), (422), (511), (440) and (622) accord with cubic 

structure of Co9S8. Also, no other peaks are detected, indicating the high purity of Co9S8.
31 

Following the pattern of Co3S4, all the peaks are indexed to cubic Co3S4 phase. The sharp 

peak along (311) and (440) planes suggest good crystallinity of the as synthesized 

materials.31 As observed from the XRD patterns, Co9S8 and Co3S4 are crystalline in nature. 
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Figure 3.1: XRD patterns of uncalcined  Co(OH)2. 
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Figure 3.2: XRD patterns of calcined  Co3O4. 
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Figure 3.3: XRD patterns of Co9S8 and Co3S4. 

 

3.1.2 Scanning electron microscopy: 

The morphology and structure characterization of cobalt-based materials Co9S8 and 

Co3S4 were analyzed in detail using scanning electron microscopy. Figure 3.4 presents 

SEM image grown on nickel foam. As confirmed in this figure, that cobalt sulfide Co9S8 

as- synthesized is granular and has nanospherical particles. Figure 3.5 displays mixture of 

nanospherical and multiple nanocrystal flowers with octahedral edge of Co3S4, which can 

be further confirmed with XRD. Moreover, there is a large area of nanocrystal particles, 

which can be enable the electrolyte to penetrate the electrode maximally,32,33 leading to 

excellent electrochemical properties during the electrochemical measurement. To verify 

the composition of cobalt sulfide Co9S8 and Co3S4, energy dispersive X-ray spectrometry 

was used. Figure 3.6 and Figure 3.7 reveal the homogeneously distributed Co and S over 

Ni-foam, where carbon, nitrogen and oxygen originate due to the adsorption of the surface 

from ambient environment.34 



 17 

                  

                                 

Figure 3.4: SEM images of Co9S8 at different magnifications. 

 
 
 
 

                       

   

                                

Figure 3.5: SEM images of Co3S4 at different magnifications. 
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Figure 3.6: EDX spectrum of Co9S8 sample. 

 

 

 

Figure 3.7: EDX spectrum of Co3S4 sample. 
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3.1.3: X-ray photoelectron spectroscopy: 

 X-ray photoelectron spectroscopy was utilized to investigate electronic and 

chemical composition of cobalt sulfides as-synthesized at low and high resolution 

spectrum. Figure 3.8 and Figure 3.9 display survey scan spectrum of Co9S8 and Co3S4. The 

presence of Co, S, elements in nanostructure of Co9S8 and Co3S4 can be clearly seen, while 

the strong peak of C 1s and O 1s is seen at 284.6 eV and 532. eV respectively could be 

from ambient environment. At high resolution, there are two peaks at 796.7 eV and 781.4 

eV corresponding to Co 2p½ and Co 2p3/2 atomic orbitals (Figure 3.10 and Figure 3.11). 

These two peaks appearing in both Co9S4 and Co3S4 confirming the presence of Co2+ and 

Co3+.35,36 The S 2p peaks at 161.6 eV and 163.7 eV match well with S 2p3/2 and S 2p1/2 of 

S2-as displayed in Figures 3.14 and 3.15.37 Figure 3.12 and Figure 3.13 show a small 

amount of oxygen in both Co9S8 and Co3S4 with the peak located at 531.9, which 

corresponding to O 1s orbital.38 According to the quantitative analysis of XPS, the atomic 

ratio of Co/S in Co9S8 and Co3S4 is  determined to be 1.38  and  0.68 respectively, which 

is quite close to theoretical reports. Therefore, excellent electrochemical properties are 

expected.     
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Figure 3.8: XPS survey scan spectrum of Co9S8. 
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Figure 3.9: XPS survey scan spectrum of Co3S4. 
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Figure 3.10: XPS spectra of Co 2p for Co9S8. 

 

Figure 3.11: XPS spectra of Co 2p for Co3S4. 
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Figure 3.12: XPS spectra of O 1s for Co9S8. 

 

Figure 3.13: XPS spectra of O 1s for Co3S4. 
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Figure 3.14: XPS spectra of S 2p for Co9S8.  

 

Figure 3.15: XPS spectra of S 2p for Co3S4. 
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3.2 Electrochemical measurements for supercapacitors: 

Electrochemical properties and potential application for supercapacitors were 

investigated in a three-electrode system with 3M as an electrolyte. The electrochemical 

measurements were done through cyclic voltammetry, Galvanostatic charge-discharge 

measurements and electrochemical impedance spectroscopy. 

3.2.1 Cyclic voltammetry: 

 Electroanalyses of cyclic voltammetry were performed to scrutinize the 

electrochemical behavior of the samples synthesized. Figures 3.16-3.20, show the CV 

curves of the samples synthesized at different scan rates (10 mV- 300 mV). It can be clearly 

seen although at high scan rates, the CV curves are symmetrical indicating a great 

outstanding stability of materials synthesized .32-39 Furthermore, the CV curves were 

distinct with a pair of redox peaks. The cathodic peaks shift toward negative potential and 

the anodic peaks shift toward positive potential confirming quasi-reversible faradic 

reaction. 

All faradic reactions of the synthesized materials in 3M KOH are shown 

below55,56,57,58: 

Co(OH)2+OH− ⇌   CoOOH + H2O + e-…… (4) 

CoOOH + OH−  ⇌ CoO2 + H2O + e−  

Co3O4 + H2O + OH−  ⇌   3CoOOH + e−…... (5) 

Co9S8 + 9OH- ⇌ Co9S8(OH)9 + 9e- …... (6) 

Co3S4 + OH ⇌ 4Co3S4OH- + e- 

Co3S4OH- + OH- ⇌ 4Co3S4O + H2O + e- ……. (7) 

   Also, there is a large area to the current and voltage plot, indicating high charge 
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storage due to the high surface area of the electrode prepared.40-41 Specifically, more 

narrow peaks were observed in Figure 3.19, which can be attributed to faster redox 

reaction.41 

To verify the specific capacitance of the materials synthesized, cyclic voltammetry 

was used to calculate the specific capacitance based on the following expression41: 

 (Csp) = Q/(ΔV×A) …. (8) 

 

Where Q is the area under the CV curve, ΔV is the potential window, and A is the area of 

the synthesized sample used in the electrode.42 The distinction of the specific capacitance 

as a function of scan rate for all the synthesized samples of cobalt-based materials is shown 

in Figure 3.20. As shown in Figure 3.20, the specific capacitance has decreased with 

increased scan rates for all synthesized samples. It is notable to mention that at high scan 

rates, an electrolyte has sufficient time to diffuse only to the external surface of the active 

electrode which causes decreased capacitance. In contrast, at low scan rates the electrolyte 

has enough time to diffuse efficiently into most surface area of the electrode. Hence, the 

inner surface area has the highest contribution to the capacitance.43-44-40 Table 3.1 shows 

the specific capacitance of all synthesized cobalt-based materials at a scan rate of 2 mV/s 

scan rate. A specific capacitance of 12,751 mF/cm2 was obtained for Co3S4. Co3S4 shows 

the highest specific capacitance in comparison to Co3O4, Co(OH)2 and Co9S8. 
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Figure 3.16: Cyclic voltammograms of Co(OH)2 sample at various scan rates. 
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Figure 3.17: Cyclic voltammograms of Co3O4 sample at various scan rates. 
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Figure 3.18: Cyclic voltammograms of Co9S8 sample at various scan rates. 
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Figure 3.19: Cyclic voltammograms of Co3S4 sample at various scan rates. 
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Figure 3.20: Variation of specific capacitance as a function of scan rates for all 

synthesized samples of cobalt-based materials in 3M KOH electrolyte. 

 

 

 

 

Table 3.1: Specific capacitance of all the synthesized materials at 2 mV/s. 

Sample code Specific capacitance (mF/cm2) 

Co(OH)2 1093 

 

Co3O4 335 

Co9S8 6172 

Co3S4 12751 
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3.2.2 Galvanostatic charge-discharge: 

 To further investigate electrochemical properties for cobalt-based materials, 

Galvanostatic charge- discharge measurement was performed at different current densities 

in potential range (0-0.6 V). The charge-discharge mechanism of the cobalt-based materials 

electrodes are shown in Figures 3.21- 3.24. As illustrated in these figures, all samples 

showed highly symmetric nonlinear charge-discharge, recording the superior redox 

reaction reversibility and confirming the pseudo-capacitive characteristics of the 

electrodes. These pseudo-capacitive characteristics resulted because of charge-transfer 

reaction and the electrochemical adsorption-desorption process.45-46 In addition, it was 

observed that the discharge time decreased with increasing current density, which could be 

due to the lack of electrolyte mobility to execute redox reaction at the electrode-electrolyte 

interface. Moreover, it was observed that the discharge time increased with an increase in 

the ratio of sulfide in the synthesized Co9S8 and Co3S4, thus enhancing the charge storage 

capacity. Galvanostatic charge-discharge measurements were used to calculate the specific 

capacitance of synthesized electrodes based on the following equation47: 

𝐶𝑠𝑝 = (I/cm2  Δt)/ ΔV….(9) 

Where Csp is the specific capacitance in (mF/cm2), I/cm2 is the current density 

(mA/cm2), Δ t is the discharge time (s), and ΔV is the potential window (V). Figure 3.25 

shows the variations in the specific capacitance versus the current densities. As 

documented, Co3S4 has the highest specific capacitance of 8,508 mF/cm2 among 

synthesized electrodes, whereas the specific capacitance of Co9S8, Co(OH)2 and Co3O4 

were 2470 mF/cm2, 334 mF/cm2 and 103 mF/cm2 respectively as shown in Table 3.2. 

 



 30 

 

Table 3.2: Specific capacitance of all the synthesized materials. 

 

 

 

 

 

 

 

 

 

Figure 3.21: Galvanostatic charge-discharge curves of Co(OH)2 at various current 

densities in 3M KOH. 
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Figure 3.22: Galvanostatic charge-discharge curves of Co3O4 at various current densities 

in  

3 M KOH 

 

Figure 3.23: Galvanostatic charge-discharge curves of Co9S8 at various current densities 

in 3M KOH. 
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Figure 3.24: Galvanostatic charge-discharge curves of Co3S4 at various current densities 

in 3M KOH. 

 
Figure 3.25: The variation of specific capacitance versus current densities for all 

synthesized samples in 3M KOH. 
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3.2.3 Electrochemical stability of synthesized electrode: 

According to the above discussion, Co3S4 showed the highest specific capacitance, 

therefore the electrochemical cycle stability test and coulombic efficiency were further 

investigated for this electrode. The cyclic Galvanostatic charge-discharge approach was 

followed to study the capacitance retention versus the number of charge-discharge cycles 

as shown in Figure 3.26. The electrode possesses a life cycle stability of 120% retention of 

its initial capacitance over 5,000 cycles. The coulombic efficiency was also measured with 

a stable high value of 99%. Long-term life cycle and high coulombic efficiency are 

attributed to significant adequacy of Co3S4 as-prepared electrode. 
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Figure 3.26: Cycling performance and coulombic efficiency of Co3S4. 
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3.3 Water splitting measurement 

3.3.1 Oxygen evolution reaction: 

Linear sweep voltammetry and electrochemical impedance spectroscopy were 

performed using three electrode system in 1M KOH alkaline media, to investigate the 

electrocatalytic property of synthesized materials for oxygen evolution reaction. As 

presented in the polarization curves in Figure 3.27, Co3S4 resulted in an overpotential of 

126 mV to achieve OER at 10 mA/cm2, surpassing those of Co3O4 (384 mV), Co(OH)2 

(336 mV), and Co9S8 (251 mV) as shown in Table 3.3, pointing out excellent performance 

of Co3S4 for OER activity. However, the obtained electrode of Co3S4 was observed to 

have high current densities. Tafel slope was investigated for all synthesized electrodes to 

study the kinetic transfer of the electrons through OER mechanism. Tafel slope was 

calculated based on the equation49: 

 η = b log j + c ……(10)  

Where j is the current density, b is the slope, η is the overpotential, and c is a 

constant. The value of Tafel slope (b) is highly controlled by the kinetics of OER, so that 

lower Tafel slope indicates the faster kinetic of OER.49 As seen in Figure 3.28, Co3O4 

synthesized electrode showed the lowest Tafel slope of 51 mV/dec. 

 Moreover, electrochemical impedance spectroscopy was also performed to analyze 

and evaluate the electrocatalytic activity of synthesized electrodes. Figure 3.29 illustrates 

the impedance as a function of frequency at 0.50 V vs. Hg/Hg2Cl2. As seen in this figure, 

Co3S4 has the lowest impedance, which shows high charge transport between the 

electrolyte and the active electrode indicating faster electrochemical reaction. Further 

evidence of charge transport  
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resistance as determined by the Nyquist plot as shown in Figure 3.30. Co3S4 is capable of 

charge transport among others samples as its charge resistance is the lowest one.50 Figures 

3.31 and Figure 3.32 demonstrate the electrochemical impedance spectra for Co3S4 at 

various potentials. It can be clearly seen in these figures that the total impedance decreases 

with the increased potential. Cyclic voltammetry in non-faradic region was used to 

determine the electrochemical active surface area in potential range of 0-0.6 V (vs. RHE), 

where no faradic reaction was observed. As seen in Figure 3.37, CV curves were studied 

at different scan rates to record the electrochemical double layer capacitance (Cdl). The 

slope value of Co9S8 and Co3S4 were calculated to be 7.0110-4  mC/cm2 and  2.0810-3 

mC/cm2,   respectively. This result indicates that Co3S4 has better effective surface area 

than Co9S8, which is directly proportional to the value of the electrochemical double layer 

capacitance, so the highest electrochemical active surface areas produce highest 

electrochemical property for both Cdl and water analyses.48 

The long-term catalytic stability test for Co3S4 electrode was investigated by using 

linear sweep voltammetry, electrochemical impedance spectroscopy and 

chronoamperometry as presented in Figures 3.33-3.34. The LSV polarization curve of 

Co3S4 electrode remained stable and showed outstanding performance up to 1,000th cycle. 

LSV test confirmed that the Co3S4 revealed remarkable stability without any decay as an 

electroctalyst for OER.   

 The impedance as a function of frequency and the Nyquist plot for the electrode 

before and after the stability test at a potential of 0.5 V are tested in Figure 3.35 and Figure 

3.36. The impedance stayed stable up to 1,000 cycles. Additionally, chronoamperometric 

measurement was done for further stability investigation of Co3S4 electrodes as shown in 
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Figure 3.37. A very small decay in current density was monitored, highlighting 

electrochemical stability of the Co3S4 electrode.  
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Figure 3.27: LSV polarization curves for all the synthesized samples. 

 
 

 

 

Table 3.3: OER overpotential for all synthesized samples and corresponding Tafel slopes 

at 10 mA/cm2. 

Samples Overpotential (mV)  Tafel Slope(mV/dec) 

Co(OH)2 384  65 

Co3O4 336  51 

Co9S8 251  54 

Co3S4 126  112  
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Figure 3.28: Tafel slopes for all the synthesized samples. 
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Figure 3.29: Nyquist plots of all the synthesized electrodes at 0.5 V vs. Hg/Hg2Cl2. 
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Figure 3.30: Impedance as a function of frequency for all the synthesized samples at 0.5 

V vs. Hg/Hg2Cl2. 

 

 
 

Figure 3.31: Variation Zre vs. Zim for Co3S4 sample at various voltages. 
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Figure 3.32: Variation of Z vs. frequency of Co3S4 at various voltages. 
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Figure 3.33: LSV polarization curves of Co3S4 at various cycles. 
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Figure 3.34: Impedance as a function of frequency plot of Co3S4 electrode 

at 0.5 V vs. Hg/Hg2Cl2 for the initial cycle, 500th cycle and the 1000th cycle. 
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Figure 3.35: Nyquist plots of Co3S4 electrode at 0.5 V vs. Hg/Hg2Cl2 for the 

initial cycle, 500th cycle and the 1000th cycle. 
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Figure 3.36: Time-dependent current density curve for Co3S4 synthesized electrode. 
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Figure 3.37: Difference of current vs. scan rate for Co9S8 and Co3S4. 
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3.3.2 Hydrogen evolution reaction: 

Since water splitting consists of two half reactions, the OER at the anode and the 

HER at the cathode, hydrogen evaluation reaction was performed for all synthesized 

electrodes. Linear sweep voltammetry and electrochemical impedance spectroscopy were 

utilized to investigate the electrocatalytic behavior of all synthesized electrodes. As 

presented in Figure 3.38, different faces of cobalt sulfide Co3S4 and Co9S8 exhibited good 

HER-electro activity with lower overpotential of 217 mV to obtain a cathodic current 

density of 10 mA/cm2, while other samples required 231 mV for Co3O4, Co(OH)2 

respectively. Table 3.4 corresponds to the overpotential for all synthesized samples at 10 

mA/cm2. Additionally, Tafel slope is shown in Figure 3.39.  

 

 

Table 3.4: HER overpotential for all the synthesized samples at current density of 10 

mA/cm2. 

Samples Overpotential (mV) Tafel Slope (mV/dec) 

Co(OH)2 231 59 

Co3O4 231 48 

Co9S8 217 43 

Co3S4 217 48 
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Figure 3.38: LSV polarization curves for all the samples. 
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Figure 3.39: HER Tafel slopes for all the samples. 

The electrical conducting behavior and HER activity of catalytic were verified by 

-0.4 -0.3 -0.2 -0.1 0.0

-250

-200

-150

-100

-50

0

 Co
3
O

4

 Co(OH)
2

 Co
9
S

8

 Co
3
S

4

C
u

rr
e

n
t 

d
e

n
s

it
y

 (
m

A
/c

m
2

)

Potential (V, RHE)



 44 

using the electrochemical impedance spectroscopy measurements at -1.25 V vs. 

Hg/Hg2Cl2.It can be realized from Nyquist plot and Impedance as a function of frequency 

for all the synthesized electrodes in Figures 3.40-3.4 that Co3S4 displayed the lowest 

impedance among all synthesized samples which produced high electro-catalytic activity, 

clearly demonstrating faster charge transport through HER process.51 To further investigate 

why Co3S4  exhibited high  electrochemical performance in comparison with other samples, 

EIS measurements were conducted at different applied potential as well. Figures 3.42-3.43 

show the charge transport behavior of Co3S4. As the resistance decreased, the potential 

increased, confirming better electrochemical reaction rates.51-52  

As a substantial parameter to evaluate electrocatalysts, the stability of Co3S4 as a 

catalyst for HER was examined using linear sweep voltammetry. Figure 3.44 shows LSV 

polarization curves had stable overpotential up to 4000 cycles. To confirm, the impedance 

as a function of frequency and Nyquist plot for the catalytic before and after the stability 

test at a potential of -1.25 V were tested as shown in Figure 3.45 and Figure 3.46. There is 

a small fluctuation in Nyquist plot, while the impedance remains stable as shown in Figure 

3.46. Furthermore, chronoamperometric measurements were also performed as shown in 

Figure 3.47. The current density remained constant over 16 hours. This result demonstrates 

the durability and efficiency of Co3S4 catalytic for HER.  
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Figure 3.40: Nyquist plots of all the synthesized electrodes at -1.25 V vs. Hg/Hg2Cl2. 
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Figure 3.41: Impedance as a function of frequency for all the synthesized electrodes at -

1.25 V vs. Hg/Hg2Cl2. 

 



 46 

0 5 10 15 20 25

0

2

4

6

8

10

Z
im

g
 (

o
h

m
s
/c

m
2
)

Zrel(ohms)

 0v

 -1.2 v

 -1.25 v

 -1.3 v

 -1.35 v

 -1.4 v

 

Figure 3.42: Nyquist plots of Co3S4 electrode at different potential. 
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Figure 3.43: Impedance as a function of frequency plot of Co3S4 electrode 

at -1.25 V vs. Hg/Hg2Cl2. 
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Figure 3.44: Polarization curves of Co3S4 at various cycles. 
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Figure 3.45: Impedance as a function of frequency plot of Co3S4 electrode 

at -1.25 V vs. Hg/Hg2Cl2 up to 4,000th cycles. 
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Figure 3.46: Nyquist plots of Co3S4 electrode at -1.25 V vs. Hg/Hg2Cl2 up to 4,000th 

cycles. 
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Figure 3.47: Electrochemical stability test of Co3S4 using chronoamperometry. 
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3.4. Overall water splitting: 

An efficient and economical bifunctional electrocatalytic for both oxygen and 

hydrogen evolution reaction is still one of the essential challenges for overall water 

splitting. According to all documented results, the cobalt sulfide (Co3S4) exhibited highest 

electrochemical performance among synthesized electrodes. Therefore and perhaps, 

overall water-splitting measurements were driven in a two-electrode system using Co3S4 

as an active catalytic for both the anodic and cathodic electrodes with 1M KOH alkaline 

solution as shown in Figure 3.48. Figure 3.49 recorded linear sweep voltammetry with 

capability of overall water potential 1.5 V at a current density of 10 mA/cm2, which is 

much better than the benchmark catalysts of Pt and RuO2,
53

 

confirming that the facile 

hydrothermal synthesis of Co3S4 is dominantly accountable for high activity of both OER 

and HER. To examine the charge transfer rate during the water splitting process, electrical 

impedance spectra was performed as shown in Figure 3.50 and Figure 3.51. As illustrated 

in these figures, the resistance of the solution is 5.02 ohm, highlighting high charge 

transform ability and conductivity. Figure 3.52 clarifies the chronoamperometric test. It 

can be clearly observed that current density was highly stable over 16 h, demonstrating that 

the Co3S4 offers an excellent overall water splitting performance with robust long-term 

stability. 

The optimized performance of Co3S4 electrode could be attributed to its 

morphology and structure characterization with a mixture of nanospherical and multiple 

nanoflowers with octahedral edge facilitating the electrolyte to penetrate the entire surface 

area of the electrode.54 So, from all the electrochemical measurements, it can be suggested 
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that Co3S4 could be utilized as a highly  efficient and durable material for overall water 

splitting. 

 

 

 

 

Figure 3.48: Scheme of water splitting cell. 
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Figure 3.49: LSV for overall water splitting cell. 
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Figure 3.50: Nyquist plot of Co3S4 for water splitting cell.   
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Figure 3.51: Impedance as a function of frequency plot of Co3S4 for overall water 

splitting. 
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Figure 3.52: Time-dependent current density curves of Co3S4 for overall water splitting. 
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CHAPTER IV 

 

 

CONCLUSION 

 

 

In conclusion, multifunctional nanostructured cobalt-based materials were 

successfully synthesized by using a facile hydrothermal technique. The obtained 

characterization of the electrodes Co(OH)2, Co3O4, Co9S8 and Co3S4 were performed 

utilizing several measurements. The phase purity and morphology were well defined using 

x-ray diffraction and scanning electron microscopy. The elemental composition was 

confirmed using an energy dispersive X-ray spectrometer. Electrochemical properties for 

all synthesized electrodes were studied in a three electrodes system. Cyclic voltammetry, 

galvanostatic charge-discharge, electrochemical impedance spectroscopy measurements 

and linear sweep voltammetry were performed to analyze the supercapacitance behavior 

of the synthesized electrodes and their potential for water splitting application.  

 The optimized results for charge storage capacity were recorded at 8508 mF/cm2, 

2470 mF/cm2, 334 mF/cm2 and 103 mF/cm2 for Co3S4, Co9S8, Co(OH)2 and Co3O4 

respectively, which suggests that the mixture of nanospherical and multiple nanoflowers 

cobalt sulfide showed higher supercapacitance among synthesized electrodes with 

outstanding long-term life cycle stability of 120% retention of its initial capacitance over 

5000 cycles. Our results suggest that multiple nanoflowers cobalt sulfide Co3S4 could be 

promising material for future supercapacitance devices.  



 54 

Additionally, oxygen and hydrogen evolution reactions toward water splitting were 

evaluated in alkaline media. Co3S4 showed the lowest overpotential for both OER and HER 

with 126 mV and 217 mV respectively. Electrochemical stability of Co3S4 as an active 

catalyst was confirmed using chronoamperometric measurements. Furthermore, since 

Co3S4 was the best sample for OER and HER, overall water splitting was examined using 

a two electrode system. The same synthesized catalytic Co3S4 was used as cathodic and 

anodic electrodes. Overall water splitting was driven at very low cell overpotential of 1.5 

V remaining stable over 16 h at 10 mA/cm2. 

 The excellent electrochemical properties of synthesized nanostructured cobalt 

sulfide Co3S4 could be attributed to its nanostructure morphology, which is highly effective 

in maximizing the electrode activity. Our results suggest that multiple octahedral 

nanoflowers cobalt sulfide Co3S4 could be a promising multifunctional material for energy 

storage applications as well as energy generation.   
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