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In recent years, electrochemical supercapacitors (ESs), as environmentally-friendly energy storage systems, are facing several challenges associated with the performance, functionality, and durability of key materials. Among different types of ESs, hybrid supercapacitors, the combination of electrodes with different energy storage mechanisms, especially the combination of electrochemical double layer capacitance (EDLC) and battery-type behavior, are expected to offer enhanced electrochemical performance.

Concerning hybrid supercapacitors consisting of EDLC//battery-type electrode materials, carbonaceous materials, owing to their excellent electrical conductivity, electrochemical stability, and large specific surface area, are the most promising candidates for electrode materials with EDLC-type behavior. For electrode materials with battery-type behavior, owing to the faradaic charge transfer reactions involved in the electrochemical process, transition metal compounds can store plenty of energy and represent one of the most promising candidates for electrode materials with battery-type behavior.

In this thesis, different carbonaceous materials, such as reduced graphene oxide (rGO), porous reduced graphene oxide (PrGO), and poly-ethylene dioxythiophene-Fe-900 (PF-9), are prepared through chemical oxidation and reduction methods. Moreover, transition metal compounds, such as CoS/carbonaceous support (rGO or PF-9), ZnCoS, ZnS/Ni3S2 and Sb2S3/CoS2/CrOOH, are synthesized via chemical co-precipitation and ion-exchange method.

A variety of different techniques, including XPS, SEM, ICP-AES, TEM, XRD, BET, and Raman, are used to investigate the physicochemical performance of as-prepared materials.

Their corresponding electrochemical performance is also evaluated through a 3-electrode system. Additionally, hybrid supercapacitors consisting of as-prepared carbon and transition metal electrodes are assembled, respectively, and their electrochemical performance is evaluated through the 2-electrode system.
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GENERAL INTRODUCTION

In recent years, electrochemical supercapacitors (ESs), as environmentally-friendly energy storage systems, are facing several challenges associated with the performance, functionality, and durability of key materials. It has been widely recognized that advanced transition metalbased electrode materials, such as metal sulfides, oxides/hydroxides, selenides, and phosphides, and so on, can store much more energy than that of carbon materials, owing to the faradaic charge transfer reactions involved in the electrochemical process. Therefore, these advanced transition metal-based electrode materials have been extensively studied to overcome the major challenges cited above and achieve breakthroughs in practical applications.

In this PhD thesis, a general review on ESs, including brief history and background, structures, energy storage principle, characteristic features and electrode materials, allows to gain a better understanding on the performance evaluation criteria of different types of ESs as well as different energy storage mechanisms of the corresponding electrode materials. From this review study, the literature data revealed that the combination of electrochemical double layer capacitors (EDLC), commonly carbon materials, and Faradaic battery-type characteristics (transition metal based electrode materials) represents an appealing and promising configuration to achieve high performance, owing to the high energy storage of batteries, and high power and long lifetime of EDLC. Thus, the development of two types of electrode materials with improved performances relative to existing electrode materials is the most important approach to overcome these challenges (Chapter 1).

Among various transition metal-based electrode materials, cobalt sulfide (CoSx), a promising anode material for lithium ion batteries, exhibiting multi-valence states and a theoretical capacity of 870 mA h g -1 , has attracted our attention. In chapter 2, we described the preparation of CoS-based electrode materials by chemical precipitation and ion-exchange process, evaluated their electrochemical performance and identified their shortcomings. Based on the discussion on transition metal electrode materials, the construction of composites and multi-metal compounds are regarded as the most promising strategy to prepare electrode materials with improved electrochemical performance. Therefore, by introducing different types of conducting carbonaceous matrixes (reduced graphene oxide (rGO) or poly-ethylene dioxythiophene (PEDOT)-Fe-900 °C (PF-9)), the electrochemical performance of the composite electrode materials (CoS/rGO, CoS/PF-9) was evaluated.

The performance of the synthesized composite electrode materials was assessed using different electrochemical techniques and the results revealed that the composite materials exhibited improved electrochemical performance, but not remarkable. Therefore, in the following step, we evaluated the electrochemical performance of multi-metal sulfides by introducing different metal cations. ZnS, a wide band gap material (3.5-3.8 eV), has attracted our attention. Owing to the high theoretical capacity of CoSx, ZnCoS electrode materials were synthesized by introducing Co into the ZnS lattice and the results indicated that ZnCoS electrode materials exhibit a remarkable electrochemical performance (Chapter 3).

In chapter 4, we have examined Ni-based sulfide electrode materials, owing to their rich oxidation states, high theoretical capacity (873 mA h g-1 for NiS2) and cost effectiveness. Some published results have demonstrated that Ni-based bimetal sulfides electrode materials could provide enhanced electrochemical performance. Therefore, bi-metal (ZnS/Ni3S2) composites were prepared and their electrochemical performance was assessed.

Based on our previous work, bi-metal sulfides proved to exhibit an enhanced electrochemical performance than mono metal sulfides. In addition, transition metal oxyhydroxides have also been regarded as one of the most promising electrode materials. However, little work was focused on employing the composites of transition-metal sulfides and oxides as electrode materials for SCs. Hence, Sb2S3/CoS2/CrOOH composite materials were synthesized and investigated as electrode materials for SCs. The results indicated that these electrode materials could achieve an enhanced electrochemical performance (Chapter 5).

CHAPTER 1. INTRODUCTION

The utilization of renewable and clean energy sources is expected to decrease our reliance on non-renewable fossil fuels. However, the bottleneck for their practical application is that they will influence the power system if being integrated to the grid directly because most of them are weather or geographic dependent. The best way will be to store this energy before being connected to the network. Therefore, worldwide attention and increasing research interests have been paid to develop highly efficient, low cost, and environmentally friendly energy storage systems.

Based on advantages such as high efficiency, versatility, and flexibility, electrochemical energy storage systems (Electrochemical supercapacitors (ES), Batteries, and fuel cells) are believed to be one of the most promising candidates for energy storage devices [1]. Among them, electrochemical supercapacitors (ESs), as convenient electrochemical energy storage devices, have attracted substantial attention owing to their higher specific capacitance/capacity compared to traditional capacitors, high power storage capability, and much higher charging/discharging rate capability efficiency than primary/secondary batteries [2]. They have additional advantages, such as almost maintenance-free, no memory effect, and safe as the bridging function for power/energy gap between traditional dielectric capacitors (high power) and batteries/fuel cells (high energy storage) [3]. These advantages propelled ES devices at the forefront of growth in mobile electronic devices, smart grids, and so on. ESs also present the possibility of providing energy in specific areas where public grids are not available or where heavy cost comes from wiring for providing electricity.

Historical background of ESs

The beginning of capacitor technology goes back to the invention of Leyden Jar (1745) (Fig. 1.1), which consists of a glass jar with metal foil cemented to the inside and outside surfaces [4]. The metal foil and jar acted as electrodes and a dielectric plate, respectively. In the charging process, positive charges accumulated on one electrode and negative charges on the other. A discharging process would take place after these two charges were connected using a metal wire. Until 1879, the description of the capacitive performance of an electric double-layer was first made by Hermann von Helmholtz. However, the first ES patent (electrochemical doublelayer supercapacitors-EDLC) was filed by Becker at the General Electric Corporation in 1957 [5]. After Becker, researchers in Sohio Corporation developed the first electric double-layer capacitor for commercial purposes using porous carbon in a non-aqueous electrolyte in 1969 [6]. The first commercial application of the supercapacitor product for the memory back up device was licensed by Nippon Electric Company (NEC) in 1971 [2]. Further developments revealed that ES could be an important candidate in the field of energy storage by bridging the power/energy gap between traditional dielectric capacitors and batteries/fuels. During 1975-1980, B.E. Conway explored RuO2 pseudo-capacitors extensively [3]. It was only in the 1990s that ES technology started to attract attention in the field of hybrid electric vehicles. Today, many companies such as ECOND, ELTRAN, and SAFT, and NESS and several others invested massively in ESs. Although significant major progress has been made in theoretical and practical research for the development of ESs. The disadvantages of ESs, including low energy density (Ed) and high production cost, have still been identified as major challenges for the further development of ESs technologies [3]. It is well known that the performance of ES devices (energy and power density) is dominated by the active materials chosen. Therefore, understanding of the characteristic behavior of active materials at atomic and molecular levels will provide an important future direction for improving these shortcomings. In the following part, the energy storage mechanism of active materials and ES fundamentals will be introduced in detail.

Fundamentals, classifications and applications of ESs

An ES storage device is generally made up of two electrodes (collectors with active materials), an electrolyte, and a separator that electrically isolates the two electrodes (Fig. 1

.2).

The two electrodes are insulated by the separator and impregnated with the electrolyte. The separator only allows the mobility of ions but prevents the direct contact of the two electrodes. 

Energy storage mechanism

In this part, the charge storage mechanism of different electroactive materials including electrical double layer capacitance (EDLC), pseudo-capacitance and battery-type capacity will be discussed.

Electrochemical double layer capacitance (EDLC)

The behavior of EDLC electrode materials in ES devices is associated with an electrodepotential-dependent accumulation of electrostatic charges at the interface. The mechanism of surface electrode charge generation includes surface dissociation as well as ion adsorption from both the electrolyte and crystal lattice defects. These processes operate solely on the electrostatic accumulation of surface charge. As shown in Fig. 1.3a, this electrical double-layer capacitance arises from electrode material particles at the interface between the carbon particles and electrolyte, where excess or deficit of electric charges is accumulated on the surface of an electrode, and electrolyte ions with counterbalancing charge are built upon the electrolyte side to meet electro-neutrality.

During the process of charging, the electrons travel from the negative electrode to the positive electrode through an external load. Within the electrolyte, cations move towards the negative electrode, while anions move towards the positive electrode. During discharge, the reverse processes take place. In this way, the electrical energy of such a supercapacitor is supposed to be stored in the double-layer interface through a reversible ion adsorption process, and this process also acts on the electrostatic accumulation of surface charges. The performance of EDLC is associated with the accumulation of electrostatic charges at the surface or inside pores of electrodes.

In this type of ESs, no charge transfers across the electrode/electrolyte interface, and net ion exchanges occur between the electrode and the electrolyte. This implies that the electrolyte concentration remains constant during the charging and discharging processes. Moreover, the performance of EDLC electrode materials are characterized by nearly rectangular cyclic voltammetry (CV) curves and triangle galvanostatic charge-discharge (GCD) curves (Fig. 1

.3b).

It is important to note that the EDLC-type behavior is due to the adsorption of Colombian charge near the electrode-electrolyte boundary. The capacitance is measured using the general capacitance equation 1-1 [7]:

Where C denotes the capacitance measured in farads, A the surface area, ϵ0 the permittivity of free space, and d the effective thickness of the electric double layer also termed as Debye length.

The thickness of the double layer (d) is associated with the electrolyte concentration and size of ions. This value ranges from 5 to 10 Å for concentrated electrolytes [7]. To increase the capacitance value of EDLC, one has to put efforts in increasing the values of specific surface area (SSA). Thus, the electrode materials with high specific surface area (SSA) are required to obtain supercapacitors with good performance. 

Pseudo-capacitance

"Pseudo-capacitance" describes the properties of electrode materials (RuO2, MnO2) displaying a capacitor-type behavior in their electrochemical signature. When a potential is applied to this type of electrode, a fast and reversible faradic reaction takes place on the electrode material and involves the passage of charge across the double layer. This type of electrode material has the electrochemical signature of a capacitive electrode (carbon materials), while the charge storage originates from different reaction mechanisms, including surface redox reactions and intercalation mechanism (Fig. 1.4a and b) [10].

Concerning surface redox pseudo-capacitance process, it normally stores charges through adsorption-desorption of electrolyte cations and anions on the surface of electrode material where faradic redox reactions occur. Materials dominated by surface redox pseudo-capacitance behave just like EDLC based materials with nearly rectangular CV curves (Fig. 1.4 c). The electrode materials exhibiting pseudo-capacitance behavior are mainly comprised of metal oxides/sulfides and conductive polymers.

The energy storage process in the intercalation pseudo-capacitance process involves reversible intercalation/de-intercalation of electrolyte cations (Na + , K + , Li + , H + , etc) into the crystal structure of electrode materials (Fig. 1.4 b), and it should be noted that no material phase change occurs in the intercalation pseudo-capacitance process. Materials dominated by intercalation pseudo-capacitance behave could be distinguished through the broad redox peaks observed in CV curves.

The pseudo-capacitance behavior takes place at the electrode surface where the faradic charge storage mechanism applies and the value of Cs is given by the derivative of charge acceptance (Δq) and change in potential (ΔV) [11]:

The pseudo-capacitance behavior allows pseudo-capacitors to attain much higher charge storage capacity compared to EDLCs, the capacitance value is 10-100 times more than that of normal EDLCs [7]. However, electrode materials with pseudo-capacitance behavior are more likely prone to swelling and shrinking during the charge/discharge process, and thus lead to poor mechanical stability and low cycling stability. 

Battery-type behavior

Despite the definition of pseudo-capacitance, many electrode materials that experience phase change during the charge/discharge process have long been mistreated as pseudocapacitive materials. Recently, the electrochemistry community has distinguished the difference between electrode materials that present battery-type behavior and that exhibit traditional pseudo-capacitance behavior.

Compared with pseudo-capacitance electrode materials, the electrochemical reactions of battery-type materials are controlled by electrolyte ion diffusion and normally experience "phase-transformation" ion intercalation and/or alloying reactions (Fig. 1.5a), which is reflected in the CV curves with obvious redox peaks. To GCD curves, during the charging process, the low valence transition metals are oxidized to higher valence state to release electrons and then reduced to the original state in the reverse discharging process. Therefore, the low valence compounds experience at least one phase change in each charge and discharge process, resulting in the occurrence of the potential plateau in GCD curves [13]. Based on the new definition, electrode materials that present potential plateau during charge/discharge electrochemical process and obvious redox CV peaks should belong to "battery-type" electrode materials (Fig. 1.5b).

For the evaluation of charge storage ability, like batteries, battery-type electrode materials usually provide high charge storage capacity. Furthermore, the battery-type electrode materials with specially designed nanostructures are expected to possess a high specific surface area and afford abundant active sites for redox reactions and shorter distance for the diffusion of electrolyte ions. However, low rate performance and poor cycling stability due to the sluggish kinetics associated with the slow material phase transformation could also be detected during the process of charge/discharge.

In contrast to EDLC-and pseudo-capacitance-type behavior, the concept of "capacitance (F)" is not suitable for battery-type behavior. Based on previous reports, capacitance is the ability of a body to store an electrical charge. This capacitance is constant over a given potential window and can be used to calculate the charge stored using equation 1-2. However, the "capacitance" of a battery-type electrode is definitely not constant over the whole potential window available, and the value of "capacitance" corresponds to an "average" value calculated over a limited potential window, and if a wider or narrower potential window is chosen, the calculated specific capacitance will change [14]. In this case, "capacity" (mA h or coulomb C) is the most appropriate and meaningful metric to use. The capacity of battery-type electrodes is

given by the derivative of charge acceptance (Δq) and change in potential (ΔV) [15,16]:

Where C (mA h g -1 ) is the specific capacity, Q is the quantity of charge, M (g) is the mass of the active material, I (mA) is the constant discharge current and Δt (s) is the discharge time.

Where C (C g -1 ) is the specific capacity, Q is the quantity of charge, M (g) is the mass of the active material, I (A) is the constant discharge current and Δt (s) is the discharge time. 

𝐶 (𝑚𝐴 ℎ 𝑔

Classification of ESs

Based on the chemical responses and the architecture of an ES device, it could be classified into three types: i) symmetric supercapacitors (SCs), ii) asymmetric supercapacitors (ASCs), and iii) hybrid supercapacitors (HSCs) [8].

Typically, SCs are made up of two electrodes of same weight, thickness, material and so on.

Therefore, in designing supercapacitors, it is essential to recognize that SCs might not be optimal. The ES is commonly expected to exhibit optimized performance, thus, ASCs are produced. The ASCs could be optimized through the mass match of positive and negative electrodes (charge balance) (equation 1-5 and 1-6). This configuration favors their application in energy storage systems [17].

Where q is the stored charges in the electrodes, C (F g -1 ) is the specific capacitance, ΔE (V) is the working potential window range, and M (g) is the mass of the electrode.
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1-5

𝑀 + 𝑀 - = 𝐶 -×∆𝐸 - 𝐶 + ×∆𝐸 + 1-6
The definition of an ASC is very broad because ACSs are fabricated with different electrodes. This could be two electrodes made up of the different or same material, but having different thicknesses (masses).

In recent years, a more distinct type of ESs (hybrid supercapacitors) is fabricated. In this case, the combination of two different storage mechanisms together constitutes the energy storage mechanism, and it is expected that this type of ESs could offer enhanced performance, as compared with SCs and ASCs. For example, an EDLC-type behavior electrode and a Faradaic battery-type behavior electrode are utilized as negative and positive electrodes, respectively. In this case, one-half of the hybrid supercapacitor acts as EDLC, while the other half behaves as faradic battery-type. In this configuration, hybrid supercapacitors exhibit high energy from batteries and high power and long lifetime from ESs. Furthermore, under the conception of ASCs, the supercapacitor could be optimized through the mass match of positive and negative electrodes (charge balance) (equation 1-5 and 1-6).

Applications of ESs

As we discussed in the history background of ESs, an increasing number of developers and manufacturers pay attention to the development and utilization of ESs. With the ever-improving performance, there is a constant increasing utilization of ESs in public sector, automobiles and transport, defense and military, and industrial applications (Fig. 1.6). Take the applications in electric vehicles as an example, even though the materializing process has been quite slow, a few applications have been commercialized. These include hybrid-electric transit buses in the United States and China, electric braking systems in passenger cars, and recently in stop-go hybrid vehicles [18]. Among them, the fast-charge e-buses introduced by Aowei Technology Co., Ltd (Shanghai, China) can be fully charged within 90 s and drive 7.9 km at a time with an average and maximum speed of 22 and 44.8 km h -1 , respectively [7]. In addition, the tramcar working on EDLC configuration with charging time of 30 s and distance range of 3-5 km has been developed by CSR Co. Ltd. (China) [19]. 

Characteristic features of ESs

The concept of the characteristic features of ES devices is necessary to evaluate the performance of corresponding ES devices, and their performance could be investigated through the following two criteria: 1) how much energy it can store (energy density, Ed, in Wh kg -1 ), 2)

how fast the stored energy can be released (power density, Pd, W kg -1 ). Therefore, the decisive characteristics related to ESs performance are the specific energy and power density; besides, specific capacitance and electrochemical impedance along with other features like cycling stability, rate efficiency, and coulombic efficiency (ŋ) are also important criteria to evaluate the performance of an ES device.

The energy and power densities

Fig. 1.7 compares the energy and power densities of supercapacitors and batteries.

Capacitors and batteries (fuel cells) exhibit high power density and high energy density, respectively. SCs, ASCs, and hybrid supercapacitors all provide an improved energy density value along with a high-power density value, as compared with capacitors. Also, hybrid supercapacitors could deliver higher energy density as compared with SCs, ASCs. Furthermore, the energy density provided by hybrid supercapacitors is comparable to that of batteries, indicating their widespread use for next-generation electronics and energy-storage devices. As a consequence, extensive attention has been paid in the exploration, construction, and development of hybrid supercapacitors.

Figure 1.7:

Ragone plot comparing the energy and power densities of various capacitors and batteries [22].

In an ES cell, Ed can be evaluated by using equation 1-7, and the maximum instantaneous power density Pmax depends on the potential and the internal resistance R as follows [7,23]:

Where Ed (Wh kg -1 ) is the energy density, C (F g -1 ) is the capacitance of an ES, and V2-V1 (V)

is the corresponding potential window of the device, Δt (s) is the discharge time,

Pmax (W kg -1 )
is the maximum power density, R (ohm cm -2 ) is the equivalent inner resistance, and Pd (W kg - 1 ) is the power density of the ES device.

Obviously, to improve the values of Ed and Pd of an ES, one has to put efforts in increasing both values of V and C while decreasing the R value. Moreover, the values of both Ed and Pd are proportional to the square of V. Therefore, more efforts should be paid in widening the operating voltage window, V. It is known that the value of V depends on the materials used for the electrode and the chosen electrolyte. Commonly, considering their low cost, aqueous electrolytes are still the best choice. Therefore, the selection of the type of electrode materials
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and design of electrodes with optimized structures are the most promising approaches to obtain an extended value of V. With respect to the value of C, an increased value of C could be achieved by improving the specific capacitance of both electrodes; the specific capacitance/capacity of each electrode is dominated by the energy storage mechanism of chosen electrode materials (EDLC-, pseudocapacitance-or battery-type) as well as the corresponding specific surface area. That is to say, the choice of suitable electrode materials, especially battery-type electrode materials, and the development of advanced electrode materials with the large specific surface area should be the key approach in ESs research and development.

Specific capacitance

Specific capacitance (C) is one of the important variables determining the ESs' performance.

it can be expressed using the following equation [7]:

Where C (F g -1 ) denotes the specific capacitance, M (g) the total mass of the electrode, I (A) the average current in amperes and dV/dt the potential scanning rate.

Electrochemical impedance spectroscopy (EIS)

It is well known that EIS is an extremely informative method for electrochemical nature (the charge transfer and the capacity) of electrode materials used in electrochemical supercapacitors. Furthermore, the resistance of an ES device, another important variable determining the power density (equation 1-8), could also be reflected through the EIS measurements at a specific potential. The voltage amplitude for such measurements is low ranging from 5 mV to 10 mV, corresponding to the wide frequency limits between 0.01 Hz and 100 kHz. The series resistance, charge-transfer resistance, and diffusion resistance could be obtained by specific plots (called Nyquist plots) for ESs.

The Nyquist plots are usually made up of three regions (Fig. In general, a smaller value for internal resistance indicates a higher instantaneous power density. A smaller value for charge transfer resistance stands for a faster speed for charge transfer.

Coulombic efficiency

Coulombic efficiency (ŋ), also called faradaic efficiency, describes the efficiency with which charge electrons are transferred in a system facilitating an electrochemical reaction, and is determined by the ratio of discharge capacity and charge capacity. Here, the coulombic efficiency of a supercapacitor is given by the following equation [7]:

Where tD (s) and tC (s) are the time for discharging and charging processes, respectively.

Active electrode materials for ESs

As discussed above, the charge storage mechanism and the performance of an ES are closely related to the electrode material. Thus, developing new electrode materials with improved performance relative to existing electrode materials is the most important strategy to overcome challenges such as improving the specific capacitance of EDLC-type capacitance, enhancing the power density of pseudo-capacitance, and boosting the cycling stability of pseudocapacitance and battery-type capacity. Therefore, to gain a good understanding of electrode

ŋ = 𝑡 𝐷 𝑡 𝐶 × 100
1-11 materials and their advantages/disadvantages is of paramount importance. In general, the electrode materials of ES can be categorized into three types: 1) carbon materials, 2) conducting polymers and 3) transition metal-based materials [25].

Carbon materials

Carbon materials are considered as prospective electrode materials for industrialization due to their high availability and advantages including abundance, non-toxicity, higher specific surface area, good electronic conductivity, high chemical stability, and wide operating temperature range [2]. Normally, carbon materials belong to EDLC type behavior electrode materials. Therefore, carbon materials, utilized in the commercially available EDLC supercapacitors, should have a high specific surface area (> 1000 m 2 g -1 ). Onion-like carbon, carbon nanotubes, graphene, activated carbons, and carbide-derived carbons are the most promising candidates [11]. Among them, active carbon, carbon nanotubes, and templated porous carbons and graphene (Table 1-1), will be discussed in the following part. Owing to the porous network and relatively low cost, activated carbon is the most widely used electrode material for supercapacitor negative electrodes. Some commercially available devices, composed of activated carbon electrodes and organic electrolytes, can achieve a specific capacitance of 100-120 F g -1 and their operating cell voltage could be extended up to 2.7 V [32,33]. In aqueous electrolytes, the operating cell voltage is limited to 0.9 V and the specific capacitance could reach 300 F g -1 [34].

Carbon nanotubes (CNTs)

Carbon nanotubes (CNTs) are tubes made of carbon with diameters typically in the nanometer size. CNTs exhibit remarkable electrical conductivity, fully accessible external surface area, and exceptional tensile strength and thermal conductivity. These properties are expected to be valuable in many fields of technology, such as electronics, optics, energy storage, and other applications of materials science.

CNTs could be produced in sizable quantities using various methods, including arc discharge, laser ablation, chemical vapor deposition (CVD) and high pressure carbon monoxide disproportionation (HiPCO). However, the as-prepared CNTs always have impurities such as other forms of carbon (amorphous carbon, fullerene, etc.) and non-carbonaceous impurities (the metal used as catalyst). The performance of CNTs is greatly influenced by the purity of the material, therefore, these impurities need to be removed to make use of CNTs.

The specific capacitance of purified CNT powders is in the range of 20 to 80 F g -1 , which could be enhanced by subsequent oxidative processes up to about 130 F g -1 [23,35,36].

Recently, many efforts have been devoted to the improvement of the electrochemical performance of CNTs through chemical activation (nitric acid or potassium hydroxide), introducing pseudo-capacitive behavior materials, etc.

Templated porous carbons

Templated porous carbons are obtained from the synthesis of ordered nanostructured carbons through templating techniques. The well-controlled pore size distributions, ordered pore structures, large specific surface area, and interconnected pore network of templated porous carbons make them promising candidates for supercapacitor electrode materials.

Generally, the production of a templated porous carbon comprises the following five steps [37]:

i) synthesis of an inorganic template; ii) impregnation of the template with an organic template;

iii) polymerization of the precursor; iv) carbonization of the organic material and v) leaching of the inorganic template.

Various carbon structures with well-controlled micropores, mesopores and/or macropores produced from different types of templates and carbon precursors have been studied for supercapacitor applications. For example, a functionalized microporous carbon material was obtained by using zeolite Y as a template, and the resultant carbon material possessed a high gravimetric capacitance of about 340 F g -1 in aqueous electrolyte with good stability (over 10,000 cycles) [38]. Ordered porous carbons containing meso/macro/micropores with large surface areas have been synthesized by Yamada's group by a colloidal-crystal templating technique. A high EDLC capacitance of 200-350 F g -1 was achieved in an acidic electrolyte solution [39].

Investigations on pore-dependent capacitance properties have revealed that a narrow pore size distribution, well-adapted pore size to the electrolyte ions and ordered straight pore channels are better for use as high-energy-density electrode materials. Moreover, a wellcontrolled porous structure also provides efficient use of pseudo-capacitance from the N and O functionalities of the carbon materials. Thus, many efforts have been put into the modification of the porous structure of templated porous carbons, such as using different templates, leaching with HF, HCl or NaOH, impregnation from the liquid and gas phase, and carbonization at different temperatures.

Graphene

Graphene is an allotrope of carbon in the form of a single layer of atoms in a twodimensional hexagonal lattice in which one atom forms each vertex. It was discovered in 2004 through a process of scotch tape peeling and is being studied in nearly every field of science and engineering due to its excellent electrical conductivity, large theoretical surface area (2630 m 2 g -1 of a mono-layer), high surface to volume ratio, short diffusion distance, and structural flexibility, and thermal and chemical stability. Although the production of pristine graphene by mechanical exfoliation has led to the rapid development and characterization of graphene's potential, this method does not apply to some particular applications, which require larger material quantities. Therefore, some alternative processes including chemical vapor deposition (CVD), chemically derived graphene, total organic synthesis, and unzipping of carbon nanotubes… have been developed [40][41][42].

Graphene is regarded as a natural competitor for electrode materials of ESs, owing to its chemical stability, large surface area, and high conductivity. Reports of various graphene and heteroatom-doped graphene materials also proved that they are better than many high surface area activated carbons used in the industry. However, the tendency of graphene materials to restack prevents the utilization of graphene's full surface area (2630 m 2 g -1 ) and leads to irreversible capacity loss and decrease of the initial coulombic efficiency.

To avoid the re-stacking of graphene sheets, different approaches have been investigated.

As an example, composites made of graphene and transition metals/conductive polymers were proposed as an interesting strategy to overcome the above hurdles [43,44]. On the one hand, transition metals/conductive polymers prevent graphene from agglomeration and re-stacking and also increase the specific surface area (SSA). On the other hand, graphene helps the formation of transition metals/conductive polymers with uniformly dispersed controlled morphologies, suppressing the volume change and agglomeration of transition metals/conductive polymers.

The second strategy is the design and development of porous frameworks, such as graphene foams, porous graphene, or hydrogels [45]. Benefiting from its many advantages such as large specific surface area (SSA), abundant porosity, admirable electronic conductivity, and unique mechanical characteristics as well as ultrafast electron transport kinetics, graphene with porous structure exhibits excellent electrochemical properties and has been extensively applied in energy storage and conversion.

The third strategy is the heteroatom doping into graphene [46]. It is believed that the introduction of heteroatom could change the electro-neutrality of graphene, affecting its electronic conductivity and chemical reactivity, and thus allowing fast access of ions and electrolytes to the electrode surface, resulting in increased capacitance. Doping graphene with single heteroatoms such as N, S, P, and B has been extensively studied, and the obtained data indicate that single doping can improve the electrochemical performance of graphene to varying degrees.

By combining the above methods, it is highly anticipated that the modified graphene with a designed framework will achieve superior electrochemical performance at a relatively low cost. Taking MnO2 material as an example, the general charge storage mechanism can be described as [START_REF] Tan | 2D Transition Metal Oxides/Hydroxides for Energy-storage Applications[END_REF]:

Transition metals

Where C + stands for protons or alkali cations (Na + , K + , Li + , etc). The performing MnO2 materials are characterized by rectangular cyclic voltammogram curves and triangular galvanostatic charge-discharge (GCD) plots.
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The pseudo-capacitive properties of these electrode materials are dominated by their crystallinity and crystallographic structures. As the charge storage process is accompanied by adsorption-desorption of protons and alkali cations, structures with sufficient spaces for the diffusion of these ions are useful for supercapacitor applications. Concerning manganese oxide/oxyhydroxide, ɑ-MnO2 and δ-MnO2 exhibit great potential for SCs, because ɑ-MnO2 has a large tunnel size (ca. 0.46 nm) and δ-MnO2 has a large interlayer space (ca. 0.7 nm), while other crystallographic structures normally show negligible charge storage ability due to the narrow tunnels in the structure (Fig. 1.9) [START_REF] Ye | The Design of MnOx Based Catalyst in Post-plasma Catalysis Configuration for Toluene Abatement[END_REF]. However, the bottleneck for these electrode materials is their poor structural stability, poor electrical conductivity, and low life cycle stability. Moreover, the charge storage ability of Mn-based materials is limited, because only the surface thin layer of Mn-based materials can store charges. To solve these problems, the design of composites was proposed as an alternative approach, because composites could provide abundant active sites and improve electron transport efficiency, and cycling stability [START_REF] Zhu | Facile Synthesis of Graphene-wrapped Honeycomb MnO2 Nanospheres and Their Application in Supercapacitors[END_REF][START_REF] Li | Core-Double-Shell, Carbon Nanotube@Polypyrrole@MnO2 Sponge as Freestanding, Compressible Supercapacitor Electrode[END_REF].

Figure 1.9: Illustration of the crystal structures of selected common manganese oxides [START_REF] Ye | The Design of MnOx Based Catalyst in Post-plasma Catalysis Configuration for Toluene Abatement[END_REF].

Intercalation pseudo-capacitive type materials

Transition metal oxides such as V2O5, WO3, MoO3, Nb2O5, and TiO2 and two-dimensional (2D) metal sulfides MS, where M represents Mo, V, Ti, etc [START_REF] Feng | Metallic Few-layered VS2 Ultrathin Nanosheets: High Two-dimensional Conductivity for In-plane Supercapacitors[END_REF][START_REF] Zhai | a New Benchmark Capacitance for Supercapacitor Anodes by Mixed-valence Sulfur-doped V6O13-x[END_REF][START_REF] Zhu | Proton-insertion-enhanced Pseudocapacitance based on The Assembly Structure of Tungsten Oxide[END_REF][START_REF] Acerce | Metallic 1T Phase MoS2 Nanosheets as Supercapacitor Electrode Materials[END_REF][START_REF] Javed | High Performance Solid State Flexible Supercapacitor Based on Molybdenum Sulfide Hierarchical Nanospheres[END_REF][START_REF] Xiao | Intercalation of Cations into Partially Reduced Molybdenum Oxide for High-Rate Pseudocapacitors[END_REF][START_REF] Zang | Titanium Disulfide Coated Carbon Nanotube Hybrid Electrodes Enable High Energy Density Symmetric Pseudocapacitors[END_REF] are found to possess intercalation pseudo-capacitive characteristic. One typical feature for intercalation based materials is that they normally have a 2D layered structure or 3D interconnected channels, which enable fast electrolyte ion transport during the charge-storage process. Taking V2O5 as an example (Fig. 1.10) [START_REF] Jin | Intercalation Pseudocapacitance in Flexible and Self-standing V2O3 Porous Nanofibers for High-rate and Ultra-stable K Ion Storage[END_REF], the electrochemical behavior was assessed by density functional theory (DFT). It was found that the migration pathway of K ions is along the V2O5 channels and the charge storage process was not limited to the surface. Instead, the whole bulk material participates in the electrochemical process during the SC charge/discharge process. Therefore, increasing the electrical conductivity and enlarging the interlayer spaces are very important for better performance, especially for rate performance. 

I) Transition metal hydroxides

Transition metal hydroxides store charges through deprotonation/protonation (i.e. O-H bond breaking/reconstitution) reaction with the participation of OH -in the electrolyte. The redox reaction can be expressed as [START_REF] Wang | 2-Methylimidazole-Derived Ni-Co Layered Double Hydroxide Nanosheets as High Rate Capability and High Energy Density Storage Material in Hybrid Supercapacitors[END_REF]:

Transition metal hydroxides contain ɑ (hydrotalcite-like and turbostratic-disordered structures) and β (brucite-like structure) phase crystal structures (Fig. 1.11). The ɑ-form
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hydroxides generally have a larger interlayer spacing (> 7.0 Å) than β-phase (4.6 Å), resulting in a much higher electro-activity than the latter. However, the ɑ phase material is normally structurally vulnerable and can be reversibly transformed into β phase in alkaline electrolyte.

The β phase is a low electrical conductive p-type semiconductor and has a metastable crystal structure, resulting in a sluggish charge storage process and therefore a poor capacity retention rate and short cycle lifetime. The design of ultrathin hydroxide structures and introduction of additional metal cations have been reported to solve the cycling problems [START_REF] Syed | Hierarchical Multicomponent Electrode with Interlaced Ni(OH)2 Nanoflakes Wrapped Zinc Cobalt Sulfide Nanotube Arrays for Sustainable High-Performance Supercapacitors[END_REF]. In addition, binary metal cation based layered double hydroxide (LDH) materials and transition metal oxyhydroxides also have the potential of delivering high cycling lifetime in supercapacitors [START_REF] Wang | 2-Methylimidazole-Derived Ni-Co Layered Double Hydroxide Nanosheets as High Rate Capability and High Energy Density Storage Material in Hybrid Supercapacitors[END_REF][START_REF] Yang | 3D Architecture Materials Made of NiCoAl-LDH Nanoplates Coupled with NiCo-Carbonate Hydroxide Nanowires Grown on Flexible Graphite Paper for Asymmetric Supercapacitors[END_REF].

II) Transition metal oxides

Transition metal oxides such as Co3O4, NiO, and Fe2O3 have been extensively investigated as electrode materials mainly because of their high theoretical capacity, natural abundance, and simple synthetic approaches to achieve controlled morphologies, structures, sizes, and compositions. Some reports have demonstrated that these transition metal oxides can be very stable for long-term charge/discharge processes. However, in most cases, it is challenging to achieve such high cycling performance, because of their poor electrical conductivity due to their semiconducting or even insulating nature, and reduced electrochemical activity compared to hydroxides.

Based on previously published reports [START_REF] Zhu | FeCo2O4 Submicron-Tube Arrays Grown on Ni Foam as High Rate-Capability and Cycling-Stability Electrodes Allowing Superior Energy and Power Densities with Symmetric Supercapacitors[END_REF][START_REF] Zhou | Two-dimensional NiCo2O4 Nanosheet-Coated Three-dimensional Graphene Networks for High-rate, Long-cycle-life Supercapacitors[END_REF][START_REF] Peng | Controlled Growth of NiMoO4 Nanosheet and Nanorod Arrays on Various Conductive Substrates as Advanced Electrodes for Asymmetric Supercapacitors[END_REF][START_REF] Wang | Ni-Zn Binary System Hydroxide, Oxide and Sulfide Materials: Synthesis and High Supercapacitor Performance[END_REF], multiple metal oxides normally show much higher electric conductivity and electro-capacitive activity than mono metal oxides. Therefore, the construction of multiple metal oxides is regarded as one of the best ways to obtain enhanced electrochemical performance. 

III) Transition metal sulfides

Besides hydroxides and oxides, transition metal sulfides are important candidates as batterytype materials for supercapacitors, because of their desirable properties including higher electric conductivity, improved electrochemical activity, and the diversity of stoichiometric chemistry compared to metal oxides.

Similar to oxides, transition metal sulfides exhibit battery charge storage behavior through reversible surface redox reactions of transition metal ions with OH -. The process can be expressed as:

Where M represents the transition metal. To utilize the redox reaction, alkaline electrolytes must be used because they are essential for the surface redox reaction. Despite the fact that most of the transition metals can coordinate with sulfur, only those with multi-valence states are feasible for redox reactions. Furthermore, only a few transition metal sulfides have demonstrated cycling stability higher than 10,000 cycles.

Many attempts have been made to overcoming these barriers, and researchers are inspired by building of micro-nano transition metal sulfide structures and the construction of other bimetal sulfides [START_REF] Chen | Highly Conductive NiCo2S4 Urchinlike Nanostructures for High-Rate Pseudocapacitors[END_REF][START_REF] Wang | Ni3S2@MoS2 Core/Shell Nanorod Arrays on Ni Foam for High-Performance Electrochemical Energy Storage[END_REF][START_REF] Kumar | Free-standing NiV2S4 Nanosheet Arrays on a 3D Ni Framework via an Anion Exchange Reaction as a Novel Electrode for Asymmetric Supercapacitor Applications[END_REF][START_REF] Wang | One-step Synthesis of Surface-enriched Nickel Cobalt Sulfide Nanoparticles on Graphene for High-performance Supercapacitors[END_REF].

IV) Transition metal selenides and phosphides

Inspired by the excellent performance of transition metal sulfides, metal selenides and phosphides have also been investigated for ESs [START_REF] Banerjee | Hollow Co0.85Se Nanowire Array on Carbon Fiber Paper for High Rate Pseudocapacitor[END_REF][START_REF] Zhou | Ultrahigh-Performance Pseudocapacitor Electrodes Based on Transition Metal Phosphide Nanosheets Array via Phosphorization: a General and Effective Approach[END_REF][START_REF] Chen | Shape-Controlled Synthesis of Co2P Nanostructures and Their Application in Supercapacitors[END_REF]. Selenium and phosphorus have lower electronegativity and larger atomic radius than sulfur and oxygen, and their corresponding metal selenides and phosphides lead to different physical or chemical properties compared to their sulfide and oxide counterparts. Most selenides and phosphides are battery-type materials, which involve surface redox reactions of Ni, Co-based cations in an alkaline electrolyte for charge storage. Therefore, the redox reaction is determined by the properties of the metal cations.

Conducting polymers

Conducting polymers (CPs) are organic polymers that conduct electricity. Such compounds may have metallic conductivity or can be semiconductors. They possess many advantages 𝑀𝑆 + 𝑂𝐻 -↔ 𝑀𝑆𝑂𝐻 + 𝑒 - 1-14 making them suitable materials for ESs, such as low cost, high conductivity in a doped state, high potential window, high storage capacity/porosity/reversibility, and adjustable redox activity through chemical modification. They offer capacitance behavior through the redox process. When oxidation takes place, ions are transferred to the polymer backbone, and when reduction occurs, the ions are released from its backbone into the electrolyte. Early researchers termed the oxidation-reduction processes as 'doping'. As shown in Fig. 1.12, the positivelycharged polymers, introduced by oxidation of the repeating units of polymer chains, are termed as 'p-doped', while negatively-charged polymers generated by reduction are termed as 'ndoped'. These reactions in the CP come about throughout its entire bulk, not just on the surface. Unfortunately, CPs in n-doped configuration exhibit poor stability than those in the p-doped state, and the swelling and shrinking of CPs may occur during the intercalating/de-intercalating process. These problems often lead to mechanical degradation of the electrode and fading electrochemical performance during cycling, which compromises CPs as electrode materials.

To improve CPs stability, following attempts have been made [25,44,[START_REF] Zhou | Construction of High-capacitance 3D CoO@polypyrrole Nanowire Array Electrode for Aqueous Asymmetric Supercapacitor[END_REF]: i) Nanostructured

CPs such as nanofibers, nanorods, nanowires, and nanotubes; ii) Hybridizing ESs with a p-doped CP as the positive electrode and carbon material as the negative electrode; iii) fabricating composite electrode materials.

Conclusion and future prospects

This chapter provides information about ESs including brief history and background, structures, energy storage principle, characteristic features, and electrode materials. Based on the above information, ESs devices show potential applications in mobile electronic devices, smart grids, and so on. However, the disadvantages of ESs including low energy density (Ed)

and high production cost limit their further application. Moreover, the limitation of current ESs devices exposes fundamental gaps in our understanding of atomic-and molecular-level processes that govern their operation, performance, and failure. To overcome this limitation, the understanding of the energy storage principle of active materials and configuration types of ES devices indeed provides future direction.

Based on the three configuration types of ESs, different energy storage mechanisms of the corresponding electrode materials and the performance evaluation criteria of ESs, hybrid supercapacitors, particularly, the combination of the EDLC and Faradaic battery-type characteristics, is expected to be the most promising configuration with enhanced performance.

Therefore, one has to put efforts in the construction and development of hybrid supercapacitors.

As a hybrid supercapacitor consists of electrodes with different energy storage mechanisms, it is of prime importance to design well-matched electrodes in terms of mass and capacity. It is also well known that the performance of ES cells (energy and power density) is proportional to the square of the value of cell voltage window (V) and the value of V is dependent on the chosen electrolyte and electrode materials. Therefore, special efforts should be concentrated on the exploration and development of suitable electrolytes with low production cost and the preparation of advanced electrode materials with improved performance relative to the existing ones.

Thesis objectives

The thesis objective is to prepare advanced electrode materials with improved performance relative to the existing ones. The thesis strategy is based on the increase of electroactive sites for charge storage of electrode materials through synergistic effects between different compounds and the construction of hybrid supercapacitors through a 'smart' balance of two electrodes. The hypothesis of this approach is based on the development of electrode materials capable of meeting the followings criteria: 1) increased density of electroactive sites, 2) improved electrical conductivity, 3) the ability to operate an extended potential window without material distortion, 4) meet the demand of the practical application.

To achieve this goal, it is necessary to identify the shortcomings of the selected materials and the role that the introduced compound plays in. An example is mono metal sulfides, which are supposed to provide good electronic, chemical properties, and high theoretical capacity.

However, the poor intrinsic conductivity and agglomeration of mono metal sulfides greatly limit their performance. Therefore, our strategy for improving the performance of metal sulfides is to introduce conducting matrix or construct multi-metal sulfide compounds. This approach has led to remarkable changes in material morphology such as the modification of the distribution of metal sulfide particles and the design of porous structures on the material surface.

The obtained enhanced electrochemical performance of modified metal sulfide electrode materials will be discussed in the following chapters.

CHAPTER 2. THE PREPARATION OF COBALT SULFIDE/ CARBONACEOUS (REDUCED GRAPHENE OXIDE (RGO)

OR POLY-ETHYLENEDIOXYTHIOPHENE-FE-900 (PF-9))

Introduction

Thanks to their excellent physical, chemical, electronic and optical properties, metal sulfides such as nickel [1][2][3], cobalt [4][5][6][7] and copper sulfides [8][9][10] have been utilized in various fields such as catalysis [11][12][13][14][15], electrochemical supercapacitors [16][17][18][19], and Li-ion batteries [20][21][22].

Among them, cobalt sulfides [23][24][25] such as Co9S8, CoS2, CoS, and so on, are considered as one of the most promising candidates for electrode materials for supercapacitors, owing to their high theoretical specific capacity (870 mA h g -1 ), different crystalline phases, various metal valence states, and low cost. For instance, cobalt sulfide nanotubes, synthesized by Wan et al. [26], displayed a maximum specific capacitance of 285 F g -1 at 0.5 A g -1 ; however, the value decreases to 96 F g -1 as the current density increases to 10 A g -1 and about 86.5% of the initial specific capacitance was retained after 1000 cycles. The poor rate capability and/or cycling stability caused by poor intrinsic conductivity and agglomeration of cobalt sulfide materials greatly affect their performance as electrodes in supercapacitors.

To overcome these problems, many researchers constructed composite materials of carbonaceous materials and cobalt sulfides [27,28]. Here, carbonaceous materials used as conducting matrices are expected to enhance the electrochemical performance through enhancing the electrical conductivity and dispersion of cobalt sulfide nano-materials. In this line, the 3D cobalt sulfide/ graphene hydrogel (CoSGH), synthesized by Meng et al. [29],

exhibited an improved specific capacitance (435.7 F g -1 at 0.5 A g -1 ) than that of bare cobalt sulfide (304.2 F g -1 ) and graphene (84.9 F g -1 ) at the same current density. However, graphene sheets tend to agglomerate together during their formation, because of van der Waals interactions, and this may result in reduced surface area and makes it difficult for ion exchange between electrode materials and electrolytes.

Based on Bhanges' work [30], poly-ethylene dioxythiophene (PEDOT)-Fe-900 °C (PF-9), prepared by simple oxidative polymerization of ethylene dioxythiophene in aqueous solution followed by an annealing process under an inert atmosphere, displays a crumbled morphology of graphene sheets and flakes with a high surface area (632 m 2 g 2 ). Hence, it is believed that PF-9 could provide a large surface area for homogeneous deposition of CoS particles, and the formed CoS/PF-9 composite is expected to exhibit an improved supercapacitor performance.

In the present work, reduced graphene oxide (rGO) and PF-9 are used as conducting matrices for CoS nanoparticles. Here, CoS, CoS/rGO, and CoS/PF-9 electrode materials are synthesized via chemical precipitation and ion-exchange reaction method.

Experimental section 2.2 Preparation of cobalt sulfide (CoS)

Here, a two-step ion-exchange sulfurization method is used to prepare CoS material (Fig. 100 mg of thioacetamide (TAA) were dissolved into 10 mL Milli-Q water, and then mixed with 10 mL of above solution under magnetic stirring at room temperature. After 30 min, the solution was heated at 130 ˚C for 5 h. After natural cooling to room temperature, the resulting black solid product was collected through centrifugation, then washed with water and ethanol and dried at 60 ˚C overnight. 

2.1).

Characterizations of

Electrochemical performance of CoS

The electrochemical behavior (CV, GCD, and EIS plots) of the prepared CoS electrode is investigated using a 3-electrode system comprising the CoS material as a working electrode, Pt foil as a counter electrode, and Hg/HgO as a reference electrode (Fig. The corresponding specific capacity, calculated according to equation 7-1, is shown in Fig.

2.4b.

The specific capacity decreases from ~190 to 108 C g -1 as the scan rate increases from 5

to 100 mV/s. The decrease of the specific capacity, calculated from the CV curves, is mainly caused by less effective redox reaction at the interface of electrode/electrolyte under high scan rate [31].

The GCD plots of CoS, conducted in the potential range of 0 to +0.55V, are depicted in Fig.

2.4c.

A very small IR drop (~3 mV) at the beginning of the discharge curves at a current density of 0.5 A g -1 could be detected, suggesting a rapid I/V response and an excellent electrochemical reversibility. Based on the discharge curves, the corresponding specific capacity is calculated according to equation 1-4, and these values are plotted in Fig. 2.4d. The relatively low value of the specific capacity (~161 C g -1 at 0.5 A g -1 ) is mainly attributed to the agglomeration of CoS particles, which produces more "inactive" surface, thus lowering the availability of active surface area.

EIS analysis is an extremely informative method to monitor the frequency-dependent electrochemical processes occurring at the electrode/electrolyte interface. Fig. 2.4e depicts the Nyquist plots and the corresponding equivalent circuit. The Nyquist plots display a depressed semi-circle in the high-medium frequency region, which is assigned to the charge-transfer
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process between the electrode material and the electrolyte [32]. A sloped line is detected in the low-frequency region ascribed to electrolyte ion (OH -) diffusion in the electrode materials [33].

Based on the fitted equivalent circuit, the values of Rs and Rct are determined to be 1.07 and 143.10 ohm• cm -2 , respectively. The specific capacity achieved by CoS electrode is relatively low and the stability performance is also poor. These results are attributed to the agglomeration of the synthesized CoS particles. Therefore, to overcome this limitation, some conducting matrixes such as carbonaceous supports [11], and transition metal compounds [34] are used to prevent the agglomeration of CoS particles.

Preparation of CoS/rGO and CoS/poly-ethylenedioxythiophene (PEDOT)-Fe-900 °C (PF-9)

Here, both rGO and PF-9 are used as conducting matrix, respectively. 

Preparation of reduced graphene oxide (rGO)

Preparation of graphene oxide (GO)

GO is prepared using the modified Hummers' method [35]. 40 mL of H2SO4 (98 wt%) was added to a mixture of 1 g of graphite powder and 1 g of NaNO3 under stirring while keeping the temperature at 0~5 ℃ in an ice bath. After that, 6 g of KMnO4 was added slowly. The mixture was stirred for 90 min at 0~5 ℃ and another 90 min at 35 ℃. Subsequently, 200 mL of Milli-Q water and 10 mL of H2O2 (30 wt%) were added into the solution. The obtained GO was washed repeatedly with HCl (5 wt%) aqueous solution (3 times) and Milli-Q water ( 4times). The suspension was centrifuged at 2000 rpm for 5 times and the supernatant was kept.

Preparation of rGO

50 mL of a homogeneous (2.3 wt %) GO aqueous solution were placed in a round-bottom flask and sonicated for 30 min. After that, 3 mL of ammonia (35 wt%) was added with mechanical stirring. After 30 min, 200 µL of hydrazine was added to the mixture with mechanical stirring. Then, the flask was heated at 90 ~100℃ After 12 h, the obtained black rGO precipitate was washed with water and ethanol until the pH reached 7.

Preparation of PF-9

Based on Bhanges' work [30], 2 mL of EDOT monomer was dissolved in 80 mL of 1 M HCl solution using 1 g of CTAB as the surfactant at room temperature. 5 g of ammonium persulfate in 20 mM of 1 M HCl was added dropwise to the EDOT solution to initiate the polymerization reaction. It was followed by the addition of 9.1 g of iron chloride hexahydrate solution into 20 mL of 1 M HCl solution. This mixture was kept for a period of 24 h with constant stirring. The suspension containing the polymer and transition metal salt was dried at 80 ℃ with stirring. This product was termed as PEDOT-Fe. PEDOT-Fe was annealed for 1 h at 900 ℃ in an argon atmosphere for carbonization. The resulting black colored powder was dispersed in 0.5 M H2SO4 and stirred at 80 ℃ for 8 h. The acid-washed sample was further annealed for 1 h in an argon atmosphere to get the final product. The product named as PF-900 represents the annealed PEDOT-Fe at 900 ℃.

After that, composite materials of CoS/rGO and CoS/PF-9 were prepared by using rGO or PF-9 as a conducting matrix, respecitvely (Fig. 2.5).

Preparation of CoS/rGO

238 mg of CoCl2•6H2O were added to 20 mL of an aqueous solution containing 1g of PVP and certain amounts of rGO. After that, 286.5 μL of ammonia (35 wt%) were dropped into the above solution under vigorous magnetic stirring at room temperature. After 24 h, the formed precipitate was washed with water and ethanol until the pH was about 7. The obtained product was re-dissolved into 30 mL of water for further use.

The sulfurization process was similar to that used for the preparation of CoS. Here, 100 mg of thioacetamide (TAA) was dissolved into 10 mL Milli-Q water, and then mixed with 10 mL of the above solution under magnetic stirring at room temperature. After 30 min, the solution was heated at 130 ℃ for 5 h. After natural cooling to room temperature, the resulting black solid product was collected through centrifugation, then washed with water and ethanol, and dried at 60 ℃ overnight.

The sample was labeled as CoS/rGO. To know the effect of rGO on electrochemical activity, the process was repeated using different amounts of rGO (10, 15, 20 mg) keeping 0.05 M concentration of the CoCl2•6H2O. The samples were labeled as CoS/rGO 10, CoS/rGO 15, CoS/rGO 20, respectively.

Preparation of CoS/ PF-9

Similarly, the CoS/PF-9 sample was synthesized through a similar method, where rGO was replaced by PF-9.

238 mg of CoCl2•6H2O was added to 20 mL of an aqueous solution containing 1g of PVP and 15 mg PF-9. After that, 286.5 μL of ammonia (35 wt%) was dropped into the above solution under vigorous magnetic stirring at room temperature. After 24 h, the formed precipitate was washed with water and ethanol until the pH was about 7. The obtained product was re-dissolved into 30 mL of water for further use.

100 mg of thioacetamide (TAA) was dissolved into 10 mL Milli-Q water and then mixed with 10 mL of the above solution under magnetic stirring at room temperature. After 30 min, the solution was heated at 130 ℃ for 5 h. After natural cooling to room temperature, the resulting black solid product was collected through centrifugation, then washed with water and ethanol, and dried at 60 ℃ overnight. 

Electrochemical performance of CoS/rGO electrodes

The CV curves of CoS/rGO 10 at different scan rates are depicted in Fig. 2.7a. Redox peaks, observed within the operating potential window (0 to +0.55V), are attributed to the reversible faradaic redox reactions of CoS to CoSOH and CoSOH to CoSO, respectively. Furthermore, the current response enhances as the scan rate increases from 5 to 100 mV/s, while the general shape of the CV plots is not altered, indicating that the electrode exhibits a good rate capability. The discharging curves of all CoS/rGO electrodes at 1 A g -1 are also depicted in Fig. 2.8d.

The time for discharging process (242s) of CoS/rGO 15 is larger than that of other electrodes (CoS/rGO 20 (220s), CoS/rGO 10 (202s) and CoS (142s)). This electrode displays a maximum specific capacity of ~243 C g -1 at a current density of 0.5 A g -1 (Fig. 2.8e), which is higher than that of CoS/rGO 20 (~221 C g -1 ) and CoS/rGO 10 (~210 C g -1 )) and is about 1.5 times larger than that of bare CoS electrode (~161 C g -1 ), indicating that the addition of rGO as a conducting matrix has a pronounced effect on the electrochemical properties. Furthermore, the electrode maintains ~ 80% of its initial specific capacity, as the current density increases from 0.5 to 10 A g -1 . C g -1 in the 1 st cycle to ~184 C g -1 in the 1,000 th cycle) and CoS/rGO 10 (from ~173 C g -1 in the 1 st cycle to ~172 C g -1 in the 1,000 th cycle) at 5 A g -1 ). Based on the results of electrochemical measurements, all CoS/rGO electrodes exhibited enhanced supercapacitor performance with CoS/rGO 15 being the best electrode.

Structural characterization of CoS/PF-9

The crystal structure of the as-prepared CoS/PF-9 composite was assessed by the XRD technique (Fig. and G bands in PF-9 suggests that there are abundant defects and amorphous carbon [29]. The ratio of ID/IG peak intensity is used to quantify the defects present on carbonaceous composites.

Compared with PF-9, the ID/IG intensity ratio of the CoS/PF-9 (~0.96) is slightly higher than that of bare PF-9 (~0.89), indicating that the decoration of CoS particles on the surface of PF-9 results in a more disordered carbon structure and decrease of sp 2 carbon domains when CoS nanoparticles are inserted throughout the framework of PF-9 [36,37]. . In addition, it could be seen that the specific capacity decreases as the scan rate increases and this phenomenon is believed to be caused by the reduction of effective interaction between the ions and electrode surface. There is not enough time for OH -ions to intercalate through the interface between the electrolyte and electrode at a larger scan rate.

The GCD curves of CoS/rGO, CoS/PF-9, and bare CoS, conducted at a current density of 1 A g -1 in the potential range of 0 to +0.55 V, are depicted in Fig. 2.11d. The GCD curves of all electrodes show some slight curvature, signifying the existence of faradaic reactions. The discharge time is also assigned to a specific capacity. The longer discharge time the electrode offers; the larger the specific capacity it provides. Based on the discharge time from GCD curves (Fig. 2.11e), the specific capacity is calculated (Fig. Moreover, the cycling ability and capacity retention of CoS/PF-9 is also investigated at a current density of 5 A g -1 for 5,000 cycles. From Fig. 2.11i, it could be seen that there is no noticeable decrease after 5,000 cycles, indicating good cycling stability of the as-prepared

CoS/PF-9 electrode. The high-resolution XPS spectrum of CoS/PF-9 after 5,000 cycles (inset of Fig. 2.11i) shows the presence of Co2p3/2 and Co2p1/2 spin-orbit peaks. The peaks at ~779.9 and 794.9 eV are assigned respectively to the 2p3/2 and 2p1/2 core levels of Co 3+ , whereas the peaks at ~781.2 and 796.3 eV are ascribed to the 2p3/2 and 2p1/2 core levels of Co 2+ , respectively, suggesting that part of the Co (п) turned into Co (ш) oxidation state after 5,000 cycles.

Electrochemical evaluation of PF-9//CoS/PF-9 asymmetric supercapacitor

To further evaluate the practical usage of the CoS/PF-9 electrode, an ASC device, made up of CoS/PF-9 as a positive electrode and PF-9 as a negative electrode, is fabricated. The working voltage window of the asymmetric supercapacitor is optimized based on the working potential range of PF-9 and CoS/PF-9 in a 3-electrode system.

Electrochemical performance of PF-9 as a negative electrode

The electrochemical performance of bare PF-9 is depicted in Fig. 2.12. No obvious oxidation and reduction peaks could be detected in the selected potential region (-0.7 to +0.3

V) (Fig. The cycling stability of the fabricated ASC is evaluated at a current density of 1 A g -1 over 5,000 cycles (Fig. 2.13i). The fabricated ASC device presents a good stability performance with an improved capacity retention (~ 1.4 times of its initial capacity) after 2,000 cycles. While, a slight decrease could be observed after 4,000 cycles, but still higher than that recorded after the 1 st cycle. The increase of the capacity retention is probably due to the activation process, in which electrolyte ions gradually penetrate the electrode material. Therefore, the capacity retention of the fabricated ASC cell increases at the early stage of repeated chargingdischarging cycles. After 5,000 cycles, the capacity retention could remain at ~ 1.3 times of its initial specific capacity. In addition, in order to investigate the mechanical stability of the fabricated ASC, CV curves at 50 mV/s are also measured at different bending angles (from flat condition to 135°), Fig.

2.14.

As shown in Fig. 2.14c, no significant distortion in the CV curves could be observed even when the bending angle reaches 135°, confirming a good flexibility of the fabricated ASC. 

Conclusion

In summary, CoS and CoS/carbonaceous materials (rGO or PF-9) are synthesized through simple chemical precipitation and ion-exchange reaction method. The as-prepared CoS/ (rGO or PF-9) composites show enhanced electrochemical specific capacity values in comparison with bare CoS. In addition, CoS/PF-9 exhibits a slightly better electrochemical specific capacity (~275 C g -1 at 0.5 A g -1 ) compared with that of CoS/rGO (~243 C g -1 at 0.5 A g -1 ). Furthermore, the CoS/PF-9 composite also reveals good cycling stability with no obvious capacity decrease after 5,000 cycles. Moreover, a flexible asymmetric supercapacitor is assembled by using CoS/PF-9 and PF-9 as positive and negative electrodes, respectively. No significant distortion in the CV curves could be observed when the bending angle was varied from 0° to 135°, confirming the good flexibility of the fabricated ASC cell. The ASC cell achieves an energy density of 7.6 W h kg -1 at a power density of 380 W kg -1 . The stability test also shows good cycling performance. After 5,000 cycles, the capacity retention remains at ~ 1.3 times of its initial specific capacity. The overall improved electrochemical performance of the CoS/PF-9 composite makes it a promising electrode material for practical applications.

CHAPTER 3. FACILE FABRICATION OF ZnCoS

NANOMATERIAL FOR FLEXIBLE ASYMMETRIC SUPERCAPACITOR

Introduction

Metal sulfides, known as being analogous to metal oxides, are expected to provide a much higher specific capacitance than traditional carbon materials, because of their reversible faradaic redox reactions. However, the poor-rate capability and/or cycling stability caused by poor intrinsic conductivity and agglomeration of mono-metal sulfide materials greatly affected their applications. To resolve these disadvantages, two feasible methods could be used to improve the conductivity and stability, namely the synthesis of materials on conducting matrix and the combination of mono-metal sulfides. In our previous work, we found that the introduction of conducting matrix (rGO or PF-9) had a very limited ability to improve the electrochemical performance of mono-metal sulfide (CoS). Thus, we speculate that doping of other elements into the crystal lattices of mono-metal sulfides would be promising for achieving satisfactory supercapacitor performance.

Among various types of metal sulfide electrode materials such as NiS [1,2], CoS [3,4] and ZnS [5][6][7], ZnS, a wide bandgap material (3.5-3.8 eV), has attracted huge attention in the field of energy storage [6,7]. However, ZnS-based materials face some limitations, such as low specific capacitance and poor conductivity for practical commercial usage [8]. According to previous studies, designing of binary metal sulfides, such as NiCoS [9][10][11], CuCo2S4 [12] and MnCoS [13], has been regarded as one of the most feasible ways to obtain an enhanced electrochemical performance because of richer redox reactions occurring during the charging and discharging processes. Based on recent reports, Co-based sulfides demonstrated a high theoretical specific capacitance [14,15]. Therefore, in this study, we investigated the electrochemical properties of ZnCoS, prepared by an easy method, as positive electrode material in supercapacitors. By introducing cobalt into Zn-based sulfides, it is expected to achieve improved electrochemical performance.

Preparation of ZnS

ZnS electrode materials are prepared through the following two different methods:

hydrothermal or ion-exchange sulfurization method (Fig. 3.1). 100 mg of TAA was dissolved in 10 mL Milli-Q water and then mixed with 10 mL of the above solution under magnetic stirring. After that, the solution was maintained at 130 ℃ for 5

h. After natural cooling to room temperature, the resulting black solid product was collected through centrifugation, washed with Milli-Q water and ethanol, and dried at 60 ℃ overnight.

The sample was labeled as ZnS two-step.

Characterizations of ZnS

Structure characterization of ZnS

The success of the reaction is confirmed by XRD analysis (Fig. 

Electrochemical performance of ZnS

The electrochemical behavior of ZnS electrode materials is investigated using a 3-electrode system comprising ZnS coated on nickel foam as a working electrode, Pt foil as a counter electrode, and Hg/HgO as a reference electrode.

The CV curves of ZnS (one-step) electrode at different scan rates are depicted in Fig. 3.4a.

Obvious oxidation and reduction peaks could be detected within the potential range of 0 to +0.55 V, which is believed to be caused by the reversible faradic redox reaction of Zn-S-OH [18]:

Furthermore, the current response (current density) enhances as the scan rate increases from 5

to 100 mV/s, while the general shape of the CV curves is not altered, indicating that the electrodes exhibit a good rate capability. electrode, demonstrating the good rate capability. The results from GCD curves further confirmed that ZnS (two-step) electrode has better electrochemical performance. EIS analysis is used to investigate the frequency-dependent behavior of both ZnS electrodes. It is reasonable to suspect that the poor electrical conductivity of ZnS electrode material restricts full electrochemical reactions, and therefore results in a relatively low specific capacity.

To overcome this drawback, a simple method for doping Co into Zn-based sulfides is expected to form ZnCoS composites with smaller charge transfer resistance, and therefore, enhance the supercapacitive performance.

Preparation of ZnCoS

Based on the above results on the electrochemical characterization of both ZnS electrodes, the two-step ion sulfurization method is chosen to prepare ZnCoS electrode materials (Fig. To understand the effect of the initial Co/Zn mole ratio and the temperature during the chemical precipitation, the electrode materials were synthesized under different parameters and a systematic investigation was performed to optimize each parameter. The following Table 3-1 summarizes the preparation conditions of the ZnCoS electrode materials. In the XPS high-resolution spectrum of Zn2p (Fig. The particle size D of ZnCoS samples is calculated by using the Debye-Scherrer formula [6]:

Where β is the full width at half maximum intensity,  is the scattering angle and λ = 1.54056 Å.

Based on the full width at half maximum of diffracted peaks of Zn: Co (1:0) RT sample, the calculated average particle size is 7 nm using the (111) diffraction peak. RT sample possesses a BET specific surface area of 76.6 m 2 g -1 with an average pore size of around 6 nm. Based on these results, it is reasonable to assume that this porous structure may have potential applications in electrochemical supercapacitors. 

Electrochemical performance of ZnCoS RT

The electrochemical behavior of ZnCoS RT electrode materials is investigated using a 3electrode system comprising of ZnCoS RT as a working electrode, Pt foil as a counter electrode, and Hg/HgO as a reference electrode.

The CV curves of Zn: Co (1:1) RT electrode at different scan rates are depicted in Fig. 3.12a.

The observed redox peaks are believed to be caused by the reversible faradaic redox reaction of Zn-S-OH, CoS to CoSOH and CoSOH to CoSO, as summarized below:

Furthermore, the current response (current density) is enhanced as the scan rate increases from 5 to 100 mV/s, while the general shape of the CV curves is not altered, indicating that the electrodes exhibit a good rate capability. The CV curves of ZnCoS RT electrodes at a scan rate of 10 mV/s are also displayed in Fig. Moreover, the stability of ZnCoS RT electrodes is examined at 5 A g -1 for 2,500 cycles (Fig.

3.12d, and for comparison, the CV curves of

3.15a).

It should be noticed that the ZnCoS RT electrodes achieve specific capacity retention of ~120%, 132% and 108% for Zn: Co Based on the results of electrochemical characterizations, the initial mole ratio Co/Zn = 2 provides the best electrochemical performance when the temperature during the precipitation process was fixed at room temperature.

Structural characterization of ZnCoS (1:2)

The In the high-resolution XPS spectrum of Zn2p, two prominent peaks at ~1021.5 and 1044.5

eV due to Zn2p3/2 and Zn2p1/2, respectively are observed, indicating the presence of Zn 2+ (Fig. [5][6][7]. The high-resolution XPS spectrum of S2p can be deconvoluted in two peaks at ~161.1 and 162.2 eV due to S2p3/2 and S2p1/2, respectively (Fig. Intensity / a.u.

3.16c)

Theta / degree

The morphology and detailed microstructures of the prepared Zn: Co m 2 g -1 , much higher than that of Zn: Co (1:2) RT (76.6 m 2 g -1 ) and Zn: Co (1:2) 80 (62.2 m 2 g - 1 ) samples. This confirms that the temperature during the chemical precipitation process has an influence on the SSA value and the sample prepared at 50°C offers the highest SSA value. This value is larger than that reported for metal sulfides such as hollow ellipsoid Ni-Mn sulfides (48.1 m 2 g -1 ) [25], NiCo2S4 (42.8 m 2 g -1 ) [26], ZnS/NiCo2S4/Co9S8 (28.1 m 2 g -1 ) [27], and CuCo2S4 nanoparticles (12.2 m 2 g -1 ) [28]. 

Electrochemical performance of ZnCoS (1:2) electrodes

The CV curves of ZnCoS performance. Furthermore, one clearly sees that as the scan rate increases, the specific capacity of all electrodes gradually decreases. This is believed to be caused by the reduction of effective interaction between the ions and electrode surface; the time for OH -ion to intercalate through the interface between the electrolyte and electrode is quite reduced at a larger scan rate [29]. Co (1:2) 50 electrode are calculated to be ~624, 556, 534, 529, 522, 513 and 506 C g -1 at 1, 3, 5, 7, 10, 15 and 20 A g -1 , respectively, higher than those of other ZnCoS (1:2) electrodes (Fig.

3.21d).

As the current density increases from 1 to 20 A g -1 , ~ 81% of the initial capacity is retained, demonstrating a good rate capability. The Zn: Co (1:2) 50 electrode exhibits a maximum specific capacity of ~624 C g -1 at a current density of 1 A g -1 , which is ~ 1.9 times than that of Zn: Co (1:2) 80 (~328 C g -1 ) and 2.8 times than that of Zn: Co (1:2) RT (~220 C g - 1 at 1 A g -1 ) electrodes. Using the same initial mole ratio of Co/Zn (2:1), the Zn: Co (1:2) 50 displayed a larger specific capacity compared to that of samples prepared at RT and 80 ℃, indicating that the temperature also has a pronounced effect on the electrochemical properties. Furthermore, the stability of the Zn: Co (1:2) electrodes is examined for 2,500 cycles (Fig.

3.23a).

In comparison, the stability of the Zn: Co (1:2) 50 electrode is tested at different current densities using the following sequence: 10 A g -1 for the first 1,000 cycles and 20 A g -1 for additional 1,500 cycles. Retention of ~115% is obtained at 10 A g -1 , which slightly drops to ~103% when the current is increased to 20 A g -1 . According to the cycling performance examination, even after 2,500 cyclings, the Zn: Co (1:2) 50 electrode still offers the highest specific capacity (~521 C g -1 at 20 A g -1 ). In contrast, Zn: Co (1:2) 80 electrode retains ~87% of the initial capacity after 2,500 charge-discharge cycles at 10 A g -1 . Given that the time for discharging process affects the capacity ability of electrode materials, a longer discharging time indicates a much larger specific capacity. Based on the GCD curves of Zn: Co (1:2) 50 electrode after the 1 st and 2,500 th cycle, acquired at a current density of 5 A g -1 (Fig. charging and discharging times are observed. From the GCD curves, it can be concluded that a much larger specific capacity is reached after 2,500 cycles. Furthermore, the stability of the Zn: Co (1:2) 50 electrode is examined at a current density of 20 A g -1 for 6,000 cycles (Fig. 3.24). It should be noticed that the specific capacity of the electrode increases from ~506 C g -1 to 604 C g -1 in the first 500 cycles, most likely due to the complete activation of the active electrode material. After 6,000 cycles, the electrode achieves a high specific capacity of ~503 C g -1 , indicating good cycling stability. 

Preparation of negative electrode materials (reduced graphene oxide (rGO) and porous reduced graphene oxide (PrGO))

rGO material prepared in Chapter 2 is used directly.

PrGO is synthesized according to the work of Chen et al. [30]. A homogeneous (25 mL, 2.5 wt%) GO aqueous solution (Chapter 2) was prepared by ultrasonication for 30 min. After that, 160 mg of KMnO4 were introduced with vigorous stirring, and the mixture was kept in a covered beaker for 2 h. Then, 3 mL of HCl (37 wt%) and 5 mL of H2O2 (30 wt%) were added.

The obtained product was collected after reacting for another 3 h and washed with Milli-Q water.

The second step was the reduction of the obtained product. Here, 1.26 mL of ammonia (35 wt%) was added into 21 mL (2.3 wt%) of the above GO aqueous solution under mechanical stirring.

After 60 min, 84 µL of hydrazine was added to the mixture and kept under mechanical stirring for another 1 h. Then, the flask was heated at 90 ~100 ℃. After 12 h, the resulting black precipitate was washed with Milli-Q water and ethanol until the pH reached 7. The sample was labeled as PrGO.

Characterization of rGO and PrGO negative electrodes

The morphology and detailed microstructures of the prepared rGO and PrGO electrode materials are examined by TEM. To further investigate the specific capacitance of the two prepared electrode materials, GCD tests are also performed in the operating potential from -0.9 to +0.1V. Typical GCD curves of rGO and PrGO electrodes at different current densities are shown in Fig. 3.26d and e respectively. All charge/discharge curves present a triangle-like shape, proving that no redox pseudocapacitive behavior occurs. The GCD curves of rGO and PrGO electrodes at a current density of 0.5 A g -1 are depicted in Fig. 3.26f. The PrGO electrode offers a much longer charging/ discharging times (940 s at 0.5 A g -1 ) than that of rGO electrode (200 s at 0.5 A g -1 ).

Using equation 7-3, the specific capacitance of both electrodes, based on Fig. 3.26d and e, is determined (Fig. 3.26g). The PrGO electrode provides a much higher specific capacitance (~271 F g -1 at 0.5 A g -1 ) than that of rGO electrode (~62 F g -1 at 0.5 A g -1 ). The results reveal that the oxidation process of GO followed by reduction with ammonia and hydrazine enhances the electrochemical activity of rGO. In order to investigate the range of operating cell voltages, a series of CV curves of the assembled ASC device at different cell voltages were recorded at 50 mV/s (Fig. 3.28a). The shape of the CV curves is not affected by the cell voltage increase, showing the redox peaks within the cell voltages window. The GCD curves at various cell voltages acquired at a current density of 3 A g -1 are also depicted in Fig. 3.28b. Both CV and GCD plots reveal that the cell voltages window of PrGO//Zn: Co (1:2) 50 asymmetric supercapacitor could be extended up to 1.6 V even though 1.5 V is chosen as the cell voltage for further characterization of the electrochemical properties of the device. The variation of the specific capacity, calculated based on obtained CV curves, is given in Fig.

3.28d.

A maximum specific capacity of the flexible ASC device is determined to be about ~50 C g -1 at a scan rate of 10 mV s -1 . The GCD curves of the ASC device are also investigated to calculate Ed and Pd (Fig. 3.28e). The Ragone plot relating Ed and Pd is displayed in Fig. 3.28f.

The fabricated flexible ASC cell exhibits a remarkably high energy density and power density of about 17.7 W h kg -1 and 435 W kg -1 , respectively. Even at a high current density of 10 A g - 1 , the fabricated ASC cell delivers an energy density of 13.2 W h kg -1 at a high power density of 11699 W h kg -1 . This result reveals an improved energy density at high power density compared with other supercapacitor devices: NiSx//AC (53.5 W kg -1 and 4.1 W h kg -1 ) [1],

MCS/GNF//AC (74.87 W kg -1 and 14.33 W h kg -1 ) [13], NiS//NiS (250 W kg -1 and 16.5 W h kg -1 ) [31], CoS//CoS (150 W kg -1 and 4.8 W h kg -1 ) [32], CusbS2//CusbS2 (341 W kg -1 and 2.6

Wh kg -1 ) [33], NiCo2S4//C 160 W kg -1 and 22.8 Wh kg -1 ) [34]. In addition, the performance of the fabricated ASC device under mechanical strain is examined by recording the CV curves at different bending angles. M KOH solution (a), images of the bent cells (b), cycling performance of the fabricated flexible ASC device at 2 A g -1 for 5,000 cycles (c).

Conclusion

In summary, a series of ZnCoS nanomaterials are synthesized by controlling the initial Co/Zn mole ratio and the temperature during the chemical precipitation process. Under optimized conditions, the Zn: Co (1:2) 50 electrode exhibits a specific capacity of ~624 C g -1 at a current density of 1 A g -1 , with good rate capability (~81% retention from 1 A g -1 to 20 A g -1 ) and excellent cycling stability (almost no obvious decrease of the capacity at a current density of 20 A g -1 after 6,000 cycles) in 2M KOH aqueous electrolyte. In addition, Zn: Co (1:2) 50 electrode displays an improved electrochemical performance than the bare ZnS electrode.

Furthermore, a PrGO//Zn: Co (1:2) 50 asymmetric supercapacitor (ASC) device is assembled.

The device demonstrates a good electrochemical performance within a voltage window of 1.5

V along with good energy and power densities. Moreover, the absence of a significant distortion 

Preparation of ZnS/Ni3S2

ZnS/Ni3S2 electrode materials are prepared through the following methods: hydrothermal and ion-exchange sulfurization (Fig. in the synthesized sample. The S2p high-resolution XPS spectrum (Fig. 4.2d) can be fitted with two peaks at ~160.9 and 162.1 eV assigned to S2p3/2 and S2p1/2, respectively [11,12].

The crystalline phase of the as-synthesized ZnS/Ni3S2 was investigated by XRD analysis (Fig. ). Furthermore, it could be clearly observed that this rough structure is composed of numerous loose particles and porous structure (Fig. 4.3f-g). This roughness combined with a loose and porous structure is expected to provide more electroactive sites between active material and electrolyte [16,17].

The synthesized ZnS/Ni3S2 is expected to exhibit a large specific surface area (SSA), owing to its unique roughness and loose structure. Nitrogen adsorption-desorption isotherms are used to assess the SSA and porous texture of ZnS/Ni3S2 (Fig. 4.4), which are identified as the typical type IV, according to the IUPAC classification. Additionally, hysteresis loops in the 0.6-0.9 relative pressure region are apparent (Fig. 4.4a). The results indicate the presence of mesoporous structures in the sample, as evidenced by the pore diameter distribution profile (Fig.

4.4b

), determined from the desorption isotherm using the BJH model. The presence of a pore diameter peak at ~10 nm is a good indication of the presence of mesopores in ZnS/Ni3S2. The BET SSA of ZnS/Ni3S2 is 147.9 m 2 g -1 . The SSA of ZnS/Ni3S2 sample, prepared through our method, is found to be larger than that reported for metal sulfides such as ZnS-NiS1.97 (105.3 m 2 g -1 ) [18], ZnxCo1-xS (77.2 m 2 g -1 ) [19], Zn0.76Co0.24S@Ni3S2 (89.1 m 2 g -1 ) [20], ZnCo2S4 core-shell nanospheres (117.3 m 2 g -1 ) [21] and flowerlike Sb2S3 (14.7 m 2 g -1 ) [22]. Accordingly, the porous structure and large specific surface area are necessary to achieve electrode materials with good electrochemical energy storage performance [23,24]. Therefore, it is quite reasonable to hypothesize that the as-synthesized ZnS/Ni3S2 with such roughness and loose structure may have promising applications in electrochemical supercapacitors. 

Electrochemical properties of ZnS/Ni3S2

In order to investigate the operating potential window of ZnS/Ni3S2 electrode, CV curves along with cathodic and anodic peak current densities vs. the square root of sweep rate at various scan rates (10 -100 mV s -1 ) in the 0 to 0.7 V potential window are recorded (Fig. This phenomenon is most likely due to electrochemical polarization during the surface redox reaction of the electrodes [35].

The relationship between the cathodic and anodic peak current densities vs. the square root of sweep rate (Fig. 4.5b) is also recorded to determine if the capacity is related to surface redox processes or bulk diffusion. The linear relationship confirms that the redox reactions of ZnS/Ni3S2 are under OH -diffusion control rather than surface redox processes [26].

CV curves of ZnS/Ni3S2 electrodes over different potential windows are also acquired at a scan rate of 50 mV s -1 (Fig. 4.5c). Redox peaks, observed in all CV curves, are attributed to the electrochemical redox reactions of (Zn, Ni) species at the interfaces between electrolyte and electrode. However, when the potential window is extended above 0.6 V, a significant increase of the current attributed to oxygen evolution reaction (OER) is observed. A potential window (0 to +0.55 V) and a scan rate ranging from 5 to 50 mV s -1 are chosen to avoid the polarization and OER of the prepared ZnS/Ni3S2 electrode. respectively. When the current density increases from 1 to 20 A g -1 , the ZnS/Ni3S2 electrode retains about 70% of its initial specific capacity value, revealing a good rate capability.

Moreover, the specific capacity of ZnS/Ni3S2 electrode is superior to that of many metal sulfide- line, which is related to the electrolyte ion (OH -) diffusion from the electrolyte (2 M KOH) into the loose and porous ZnS/Ni3S2 electrode surface [40], represents a low diffusion resistance of 0.0046 sec 1/2 /cm 2 . The slop of the Warburg line is higher than 45°, indicating the easy access of OH -electrolyte for fast and reversible faradaic redox reaction and more ideal capacitor behavior [41,42], which further confirms that the ZnS/Ni3S2 electrode can retain good capacitive performance. The cycling stability of ZnS/Ni3S2 electrode is established by repeated 6,000 charging/discharging cycles at a current density of 10 A g -1 (Fig. 4.8a). Encouragingly, the retention of the ZnS/Ni3S2 electrode is ~ 82% of its initial capacity after 6,000 charge/discharge cycles, which is better than 64% achieved by cactus-like ZnS/Ni3S2 at 3 A g -1 [8].

XPS analysis is conducted to assess the chemical changes that have occurred during the stability test. Hybrid supercapacitors are believed to combine the advantage of faradaic battery-type electrode material as a positive electrode and double-layer capacitor electrode material as a negative electrode; the combination of these two types of electrode materials is supposed to be able to enlarge the cell's operating voltage greatly and thus improve its energy density [25,43,44]. To further assess the practical utilization of the prepared ZnS/Ni3S2 electrode, a hybrid supercapacitor is assembled using ZnS/Ni3S2 electrode material as a positive electrode and porous reduced graphene oxide (PrGO) electrode material as a negative electrode (Chapter

3.6).

A 3-electrode system is used to determine the optimal operating cell voltage window of the hybrid supercapacitor based on the ZnS/Ni3S2 and PrGO working potential range. Fig. 4.9a

depicts the working potential window vs. Hg/HgO of ZnS/Ni3S2 (0 to +0.55 V) and PrGO (-0.9 to +0.1 V) at a scan rate of 10 mV s -1 . Based on these values, the cell voltage of the fabricated hybrid supercapacitor is fixed at 1.45 V. ). It could be clearly seen that higher the applied cell voltage, larger energy density the hybrid supercapacitor could offer (30.9 W h kg -1 at 1.8 V, 26.7 W h kg -1 at 1.6 V and 18.2 W h kg -1 at 1.5 V). supercapacitor. The hybrid supercapacitor exhibits relatively high energy density and power density values of 30.6 W h kg -1 and 880 W kg -1 at 0.5 A g -1 . The performance of the hybrid supercapacitor is also good even at a high current density of 5 A g -1 ; indeed, the hybrid supercapacitor attains an energy density of 26.7 W h kg -1 at a high power density of 5659 W h kg -1 . These values are comparable to and even better than those reported in the literature for many other supercapacitor devices (Table 4-4). The practical application of the asymmetric supercapacitor is further demonstrated through powering yellow, red, and green LEDs using two asymmetric supercapacitors connected in series. As can be seen in Fig. 4.10, the yellow, red, and green LEDs can be sequentially illuminated upon connection to fully charged supercapacitors. 

Conclusion

In summary, ZnS/Ni3S2 electrode material with a high specific surface area is synthesized using a self-template method. The ZnS/Ni3S2 electrode exhibits a high specific capacity of ~890 C g -1 at 1 A g -1 , with good cycling stability (~82% of capacity retention) at a current density of or hydroxide, physisorbed moisture and organic C=O in PVP, respectively [18,21].

In the high resolution XPS spectrum of Cr2p (Fig. 5.3c), two prominent peaks at ~577.2 and 587.1 eV due to Cr2p3/2 and Cr2p1/2, respectively are observed, which are associated with the Cr 3+ trivalent hydroxide state, in accordance with the reported Cr 3+ in CrO(OH) [21,22]. The Co2p core level spectrum (Fig. 5.3d) could be well fitted with two spin-orbit doublets together with The almost symmetric charge/discharge curves demonstrate a good coulombic efficiency of the synthesized composites, owing to the high reversibility of redox reactions during the charge and discharge processes. Furthermore, it is obvious that Sb: Cr: Co (1:3:4) electrode exhibits a much larger maximum current response (current density) and longer time for charge-discharge process. According to the equation 1-4, the specific capacity of one particular electrode is proportional to the discharge time if the current response is recorded under the same condition.

Hence, we can conclude that Sb: Cr: Co (1:3:4) sample could offer a much higher specific capacity compared to Sb: Cr: Co (1:0:0), Sb: Cr: Co (0:1:0) and Sb: Cr: Co (0:0:1) electrodes.

The specific capacity, calculated from discharge curves, is given in Fig. 5.6c. The Sb: Cr:

Co (1:3:4) sample exhibits the highest value up to ~691 C g -1 at 2 A g -1 , which is much higher than that of Sb: Cr: Co (1:0:0) (~61 C g -1 ), Sb: Cr: Co (0:1:0) (~69 C g -1 ), and Sb: Cr: Co (0:0:1) (~203 C g -1 ). This could be ascribed to the rough surface of the composite along with synergistic effects of Sb, Cr and Co. Moreover, the specific capacity of Sb: Cr: Co (1:3:4) is slightly lower than or comparable to those previously reported metal sulfides (Table 5-2).

cycles, the specific capacity value increases from ~ 627 C g -1 to 738 C g -1 , most likely due to the complete activation of the electrode material [35][36][37]. After 6,000 cycles, the electrode achieves a specific capacity of ~ 713 C g -1 (~96.6 % of the maximum specific capacity), indicating a good cycling stability. Moreover, the coulombic efficiency (ŋ) of the Sb: Cr: Co (1:3:4) electrode also called charge-discharge efficiency, estimated according to equation 1-9, remains ~97.7%, indicating a good electrochemical reversibility. The total charge originating from the capacitive and diffusion-controlled processes is represented through the area under CV curves, and the contribution ratio of capacitive and diffusion-controlled charge storage processes can be quantified by analyzing the CV curves at different scan rates using the following equations [38,39]:

Fundamental electrochemical analysis of electrode

Here, i and  are the peak current response (peak current density) and scan rate, respectively; a and b are undetermined parameters. The b value could be determined from the slope of log i vs. log v at any potential value. Commonly, if the value of b approaches 0.5, the capacity contribution is assigned to the diffusion-controlled process, while if this value approaches 1, the capacity is dominated by capacitive contribution from the surface-controlled process.

Therefore, it will be easy to distinguish the diffusion-controlled or capacitive charge storage Furthermore, the Trasatti analysis method is used to quantitatively estimate the contribution ratio based on equation 5-7 [40,41]:

Where i(V), k1ν, k2ν 1/2 are the potential dependent current response (current density), capacitive and diffusion-controlled contributions, respectively.

It is feasible to obtain the contribution ratio of capacitive and diffusion-controlled process by determining the values of k1 and k2. The values of k1 and k2 could be calculated through fitting the linear relationship of i(V)/ ν 1/2 vs. ν 1/2 at various potentials (Fig. i(V)/𝑣 1/2 = 𝑘 1 𝑣 1/2 + 𝑘 2 5-8 1 . Data of few typical examples reported recently in the literature are also given for comparison, such as active carbon (AC)//hetero-NiCo2S4/Co9S8 (NCCS) (17.5 Wh kg -1 at 3750 W kg -1 ) [23],

AC//NiCo2S4 (19 Wh kg -1 at 703 W kg -1 ) [42], rGO//CoMoS4 (17 Wh kg -1 at 2400 W kg -1 ) [43],

AC//C-NiCo2S4 (7.1 Wh kg -1 at 8 kW kg -1 ) [44], graphene aerogel (GA)//CuCo2S4/CuCo2O4 (33.2 Wh kg -1 at 0.8 kW kg -1 ) [45] and PrGO//ZnS/Ni3S2 (26.7 Wh kg -1 at 5659 W kg -1 ) [46].

EIS is also performed for assessing the electrochemical nature of the processes occurring at the electrode/electrolyte interface of the fabricated supercapacitor. The practical application of the fabricated supercapacitor is further demonstrated (Fig. 5.8i).

To achieve higher operation voltage, two fabricated supercapacitors are connected is series, and a red LED can be illuminated upon connection to fully charged supercapacitors.

Conclusion

In summary, a series of Sb: Cr: Co electrode materials are synthesized by controlling the initial mole ratio of Sb, Cr, and Co during the chemical precipitation process. Under synergistic effects of Sb, Cr, and Co, the Sb: Cr: Co (1:3:4) electrode exhibits a specific capacity of ~691 C g -1 at 2 A g -1 with excellent cycling stability (~ 96.6% of the maximum specific capacity is maintained at 20 A g -1 after 6,000 cycles) in 2M KOH aqueous electrolyte. Furthermore, a PrGO//Sb: Cr: Co (1:3:4) hybrid supercapacitor demonstrates good electrochemical performance within a voltage window of 1.5 V along with high energy of 33.9 Wh kg -1 at a power density of 1.4 kW kg -1 , and good cycling stability (~ 90.7 % of the maximum specific capacity over 5,000 cycles). Moreover, a red LED can be illuminated by two fabricated supercapacitors in series, demonstrating its practical application. The results obtained in the present work shows the potential for Sb: Cr: Co (1:3:4) electrode as a promising candidate for good performance energy storage devices.

(~624 C g -1 at 1 A g -1 for ZnCoS, ~890 C g -1 at 1 A g -1 for ZnS/Ni3S2), as compared to ZnS (~85 C g -1 at 0.5 A g -1 ). Moreover, composites of bi-metal sulfides and metal oxyhydroxide (Sb2S3/CoS2/CrOOH) were prepared and their electrochemical characteristics were evaluated.

The Sb2S3/CoS2/CrOOH electrode achieved an improved specific capacity (~691 C g -1 at 2 A g -1 ), which was much higher than that of Sb: Cr: Co (1:0:0) (~61 C g -1 ), Sb: Cr: Co (0:1:0) (~69 C g -1 ), and Sb: Cr: Co (0:0:1) (~203 C g -1 ). Furthermore, supercapacitor cells of PF-9//CoS, PrGO//ZnCoS, PrGO//ZnS/Ni3S2, PrGO// Sb2S3/CoS2/CrOOH were assembled and achieved maximum Ed values of 7.6, 17.7, 30.6 and 33.9 W h kg -1 , respectively. These findings represent an important advancement in the utilization of bi-metal sulfides for applications in the field of ESs.

More work still remains to be done in improving the electrochemical performance and facilitating the practical applications of ESs. Considering the practical applications, specific focus should be both on the exploration of suitable electrolytes with low production cost and the development of advanced electrode materials. Regarding the exploration of advanced electrolytes, the limited voltage window provided by aqueous electrolytes and high production costs of organic electrolytes or ionic liquid electrolytes calls for the search for an electrolyte with an extended voltage window that can be produced at low cost.

Based on recently reported results, the use of super-concentrated solutions, such as waterin-salt electrolytes, could be a promising approach to address the issue of limited energy densities of aqueous-based capacitors. In water-in-salt electrolytes, the amount of salt is greater than water, which reduces the kinetics of water splitting reactions and allows for the widening of the cell voltage window. Therefore, the development of advanced electrolytes, especially super-concentrated solutions, could be the most promising approach to obtain a widened voltage window.

With respect to the development of advanced electrode materials, lots of efforts still need to be made to obtain electrode materials with excellent electrochemical performance. Taking nanostructured transition metal compounds as an example, owing to the faradic redox behavior, they have the ability to provide high specific capacitance. However, their agglomeration and poor electrical conductivity significantly limit their electrochemical performance, especially with respect to life cycle and resistance. The results obtained from our work indicate that the construction of composite materials (mono-metal sulfide/carbonaceous, bi-metal sulfides, and bi-metal sulfides/metal oxy-hydroxide) could be a promising approach to improve the electrochemical performance and thus address the issue of agglomeration and poor electrical conductivity. Therefore, the design of multi-metal compounds such as multi-metal sulfides/ oxides (hydroxides), could be an interesting strategy to obtain enhanced electrochemical performance.

Based on the obtained results and published reports, the development of advanced electrode materials and the exploration of suitable electrolytes with large working voltage and low production costs will bring remarkable advances for their application in the field of ESs. ⑧ As-prepared slurry is coated on the surface of several pieces of 1*1.5 cm 2 nickel foam.

The coated area is 1*1 cm 2 .

⑨ Nickel foam coated with slurry is dried in the oven (80℃ overnight).

⑩ The coated nickel foam is chosen to test the electrochemical performance and the corresponding mass of the slurry should also be recorded.

⑪ For other samples, to compare the electrochemical performance (ex. CoS, CoS/rGO, and CoS/PF-9), the nickel foam with similar coated value (around 1 mg/cm 2 ) should be chosen 7.3 Instrumentation

X-ray diffraction (XRD)

The crystal structure of the synthesized nanomaterials was investigated by powder X-ray diffraction analysis. XRD patterns were recorded using Rigaku X-ray diffractometer (Model:

ULTIMA IV, Rigaku, Japan) with a scanning rate of 3° min -1 and 2θ value ranging from 10 to 80° using Cu Kɑ (ɑ= 1.54056 Å) as the X-ray source and operated at a generator voltage of 40 kV and a current of 40 mA.

X-ray photoelectron spectroscopy (XPS)

Figure 1 . 1 :

 11 Figure 1.1: The Leyden jar [4].

Figure 1 . 2 :

 12 Figure 1.2: Schematic representation of an ES configuration (a) and the ES structure (b).

Figure 1 . 3 :

 13 Figure 1.3: The schematic illustration of electrical double layer capacitance (EDLC) (a), summary of characteristic metrics such as CV, GCD, key mechanism descriptions and typical materials (b) [8, 9].

Figure 1 . 4 :

 14 Figure 1.4: The schematic illustration of pseudo-capacitance behavior: (a) surface redox capacitance behavior, (b) intercalation capacitance behavior; (c) summary of characteristic metrics such as CV, key mechanism descriptions and typical materials of corresponding capacitance behavior [8, 12].
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 15 Figure 1.5: (a) The schematic illustration of battery-type behavior, (b) summary of characteristic metrics such as CV, key mechanism descriptions and typical materials [8, 12].

Figure 1 . 6 :

 16 Figure 1.6: Applications of supercapacitors [7, 20, 21].
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 1818 Figure 1.8: Nyquist plots of three experimental EDLC devices with activated carbon electrodes in different electrolytes (1M LiPF6 in EC (Ethylene Carbonate): DMC (Dimethyl Carbonate) (1:1), 1M citric acid in DI water, 1M TEATFB (Tetraethylammonium Tetrafluoroborate) in acetonitrile, corresponding to devices 1, 2 and 3, respectively) [24].
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 1101423 Figure 1.10: Electrochemical behavior calculated by DFT; a) optimized structure of V2O3, b) trajectories of K ions in KV2O3 obtained by the ab initio molecular dynamics (AIMD) simulation at 2000K for 4ps, c) optimized structures of KV2O3 [60].
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 111 Figure 1.11: Hydrotalcite-like (a), and brucite-like (b) structures [62, 63].

Figure 1 . 12 :Figure 1 . 13 :

 112113 Figure 1.12: Schematic representation of electrochemical doping of CPs: (a) p-doping and (b) n-doping [77].

Figure 2 . 1 :

 21 Figure 2.1: Illustration of the synthesis route of CoS electrode through a two-step ionexchange sulfurization method.

CoS 2 . 3 . 1

 231 Structural characterization of CoS X-ray photoelectron spectroscopy (XPS) analysis was performed on obtained CoS electrode material to gain information on the chemical composition and oxidation states of surface elements. The XPS full spectrum of CoS material is depicted in Fig. 2.2a. Five elements including C1s (~284.8 eV), N1s (~399.9 eV), O1s (~531.6 eV), Co2p (~779.1 eV), and S2p (~162.4 eV) are observed. The C, N, O signals are most likely due to the PVP stabilizer.

Figure 2 . 2 :

 22 Figure 2.2: XPS analysis of CoS electrode material: (a) full spectrum, (b) high resolution spectra of Co2p, and (c) S2p. "Sat." in Fig. 2.2 denotes satellite peaks.

Figure 2 . 3 :

 23 Figure 2.3: XRD pattern (a), SEM (b), TEM (c) and HRTEM (d) images of CoS sample.

  The redox peaks observed in the CV curves of CoS electrode indicate the existence of faradaic reactions (Fig.2.4a). The shape of the CV curves is maintained when the scan rate increases from 5 to 100 mV/s, indicating the excellent rate performance. According to the literature, two electrochemical reactions are proposed[29]:

Fig. 2 .

 2 Fig. 2.4f shows the cycling performance of the CoS electrode at 5 A g -1 . A slight decrease (from ~105 to ~90 C g -1 ) is observed after 1,000 cycles.

Figure 2 . 4 :

 24 Figure 2.4: Electrochemical performance of the CoS sample: CV curves at different scan rates (a), the corresponding specific capacity (b); GCD curves at various current densities (c); the corresponding specific capacity (d); Nyquist plot (e), the inset in (e) is the corresponding equivalent circuit; stability performance at 5 A g -1 in 2M KOH for 1,000 cycles (f).
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 2525 Figure 2.5: Schematic illustration of the synthesis of CoS/rGO and CoS/PF-9 composites, respectively.

Figure 2 . 6 :

 26 Figure 2.6: XRD pattern (a), and SEM image of CoS/rGO 15 sample (b).

Fig. 2 .Fig. 2 .

 22 Fig. 2.7b and c depict the CV plots of CoS/rGO 15 and CoS/rGO 20 electrodes, respectively.The CV shapes of both electrodes are similar to those recorded for CoS/rGO 10 electrode, except the current response. Indeed, the current density of CoS/rGO 15 electrode within the potential window is much larger than that of CoS/rGO 10 electrode and slightly larger than that of CoS/rGO 20 electrode, indicating that the CoS/rGO 15 electrode material has higher electrochemical activity.

Figure 2 . 7 :

 27 Figure 2.7: CV curves of CoS/rGO 10 (a), CoS/rGO 15 (b), CoS/rGO 20 (c) electrodes, comparison of CV curves at a scan rate of 10 mV/s (d), specific capacity of all CoS/rGO electrodes at different scan rates (e).

Figure 2 . 8 :

 28 Figure 2.8: GCD curves of CoS/rGO 10 (a), CoS/rGO 15 (b), and CoS/rGO 20 (c) electrodes, comparison of discharge curves at a scan rate of 1 A g -1 (d), specific capacity of all CoS/rGO electrodes at different current densities (e).

Figure 2 . 9 :

 29 Figure 2.9: Nyquist plots of all CoS/rGO electrodes (a), the corresponding equivalent circuit (b), stability performance of all CoS/rGO electrodes at 5 A g -1 in 2M KOH for 1,000 cycles (c).

  2.10a). Diffraction peaks at 2θ values of ~30.7° and 54.9°, corresponding to the (100) and (110) diffraction planes, respectively, can be well indexed to the hexagonal phase of CoS (JCPDS card No. 65-3418). Apart from CoS peaks, a broad peak ranging from ~15° to 28° reveals the presence of PF-9 and PVP, while other diffraction peaks between ~15.0° and 25.0° indicate the formation of orthorhombic sulfur impurities in the obtained sample (JCPDS card No. 08-0247). Besides, the presence of weak and broad diffraction peaks in the XRD pattern suggests that the composite has a low crystallinity. XPS measurements were carried out to analyze the chemical composition of the CoS/PF-9 composite. Fig. 2.10b displays the XPS survey spectrum of CoS/PF-9. It consists of C1s (~284.8 eV), Co2p (~780.1 eV), S2p (~162.1 eV), O1s (~531.6 eV) and N1s (~399.6 eV). The presence of high oxygen signal may be due to the remaining PVP stabilizer. The high-resolution spectrum of the Co2p (Fig. 2.10c) comprises Co2p3/2 and Co2p1/2 spin-orbit peaks at ~780.4 and 795.7 eV, respectively, suggesting the existence of Co (п). No peak assigned to Co (ш) could be detected, indicating that the addition of PF-9 could prevent the oxidation of Co during the chemical precipitation and ion-exchange reaction processes. The S2p core level spectrum (Fig. 2.10d) can be deconvoluted with two peaks at ~161.2 and 162.6 eV attributed to the S2p3/2 and S2p1/2, respectively. From XPS analysis results, the CoS in CoS/PF-9 consists of Co 2+ and S 2-. The morphology of CoS/PF-9 composite was examined using SEM (Fig. 2.10e and f). As a comparison, the SEM image of bare PF-9 is also presented in Fig. 2.10g. From the SEM image of CoS/PF-9 (Fig. 2.10e), similar to that of CoS/rGO 15 (Fig. 2.6b), CoS nano-spheres are uniformly and densely anchored throughout the sheet-like framework of PF-9. By comparing the SEM images of both CoS/PF-9 (Fig. 2.10f) and bare PF-9 (Fig. 2.10g), the framework of CoS/PF-9 is much more compact than that of bare PF-9 due to the introduction of CoS nanospheres. Besides, a crumbled nature made up of flakes and nanoparticles could be observed from the surface of PF-9 (Fig. 2.10g). These flakes and nanoparticles are expected to provide a large number of nucleation sites for the growth of CoS particles.

Figure 2 . 10 :

 210 Figure 2.10: Structural characterization of CoS/PF-9: XRD pattern (a); XPS full spectrum (b), and high-resolution spectra of Co2p (c) and S2p (d); SEM image of CoS/PF-9 (e); SEM images of bare PF-9 (f), (g), Raman spectra of bare PF-9 and CoS/PF-9 (h).
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 54922 Fig. 2.11 summarizes the electrochemical characterization of CoS/PF-9. Fig. 2.11a corresponds to the CV curves of CoS/rGO, CoS/PF-9, and bare CoS electrodes at a scan rate of 10 mV/s. Oxidation and reduction peaks, observed in all CV curves within the operating potential window (0 to +0.55V), are believed to be caused by the reversible faradaic redox reaction of Co-S-OH. Furthermore, the CoS/PF-9 electrode, compared with CoS and CoS/rGO electrodes, gives the largest integrated cyclic area. The area enclosed by CV curves are assignedto charge storage capability, and the larger area the electrode offers, the higher charge storage ability it could provide. Obviously, CoS/PF-9 electrode has the best charge storage ability. Fig.2.11b displays the CV curves of CoS/PF-9. Oxidation and reduction peaks could be observed in all CV curves in the selected potential region. The appearance of redox peaks indicates that there are faradaic reactions of CoS/PF-9 in 2M KOH. Moreover, as the scan rate increases, the position of redox (oxidation and reduction) peaks shifts to more positive and negative potential, respectively, which may be caused by the limitation of the ion interaction[8]. The specific capacity, calculated according to obtained CV curves, is shown in Fig.2.11c. For comparison, the calculated specific capacity values of rGO/CoS and CoS are also given. Among them, the CoS/PF-9 electrode demonstrates the highest specific capacity of ~264 C g -1 at 5 mV s -1 , which is about 1.4 times that of bare CoS (~190 C g -1 ), and about 1.1 times that of CoS/rGO (~241 C g -1 ). In addition, it could be seen that the specific capacity decreases as the scan rate increases

  2.11f).For comparison, the calculated specific capacity values of CoS and CoS/rGO electrodes are also provided. CoS/PF-9 electrode exhibits a specific capacity of ~275 C g -1 at 0.5 A g -1 , which is about 1.7 times that of pure CoS nanoparticles (~161 C g -1 ), and about 1.1 times that of CoS/rGO (~243 C g -1 ).

Figure 2 . 11 :

 211 Figure 2.11: Electrochemical properties of CoS/PF-9 in KOH (2 M): (a) CV curves of CoS, CoS/rGO, and CoS/PF-9 at a scan rate of 10 mV s -1 in the potential window of 0 to +0.55V; (b) CV curves of CoS/PF-9 at different scan rates, (c) the corresponding specific capacity deduced from (b), (d) GCD profiles at a current density of 1 A g -1 ; (e) GCD curves of CoS/PF-9 at various current densities, (f) the corresponding specific capacity calculated from (d), (g) Nyquist plots; (h) the corresponding equivalent circuit; (i) Cycling performance of CoS/PF-9 nanocomposite at 5 A g -1 for 5000 cycles, inset shows Co2p spectrum of CoS/PF-9 after 5,000 cycles.

Fig. 2 .

 2 Fig. 2.11g displays the Nyquist plots of CoS/rGO, CoS/PF-9, and bare CoS electrodes in the frequency range of 100 kHz to 0.01 Hz. It could be observed that all electrodes have incomplete depressed semi-circles in the high-medium frequency region. As the intercept at the high-frequency region stands for the series resistance (from the electrolyte and the contact between the electrode material and the collector), it could be seen that all electrodes exhibit a similar series resistance. Originally, a bigger semi-circle indicates the electrode has a larger charge transfer resistance (Rct). Therefore, CoS/rGO and CoS/PF-9 materials exhibited much smaller Rct values with Rct of CoS/PF-9 being slightly smaller than that of CoS/rGO. A sloped

  2.12a), suggesting that energy storage takes place mainly through EDLC behavior.The CV curves of PF-9 electrode remain nearly rectangular without obvious distortion, even when the scan rate increases to 100 mV/s, revealing that an efficient electric double layer is established in the electrode. Based on equation 7-2, the specific capacitance of prepared PF-9 is calculated and shown in Fig.2.12b. The electrode PF-9 provides a maximum specific capacitance of ~ 60 F g -1 at 5 mV/s.

Figure 2 . 12 : 3 VUsing equation 7 - 3 , 2 . 6 . 2 Fig. 2 .

 2123732622 Figure 2.12: Electrochemical performance of PF-9. CV curves (a), the corresponding specific capacitance at different scan rates (b), GCD curves (c), the corresponding specific capacitance at different current densities (d), Nyquist plots (e), and the corresponding equivalent circuit (f).

Figure 2 . 13 :

 213 Figure 2.13: CV curves of the positive and negative electrodes at a scan rate of 10 mV/s (a), CV curves of ASC at different cell voltages recorded at a scan rate of 50 mV/s (b), GCD curves of the ASC at different cell voltages acquired at a current density of 1 A g -1 (c), CV curves of the ASC at different scan rates (5, 10, 20, and 50 and 100 mV s -1 ) (d), GCD curves at different current densities (e), Nyquist plots (f), Specific capacity vs. scan rate (g), Ragone plot (Pd vs. Ed) (h), cycling stability at 1 A g -1 (i), the inset in (f) is the corresponding equivalent circuit.

Figure 2 . 14 :

 214 Figure 2.14: (a) Images of the bent cells, (b) Schematic illustration of the bent cell, (c) CV curves of the ASC at 50 mV/s under different bending angles of 0-135˚.

Figure 3 . 1 :

 31 Figure 3.1: Illustration of the synthesis route of ZnS electrode materials, (a) one-step hydrothermal method, (b) two-step ion-exchange sulfurization method.

3 . 2 ).

 32 Diffraction peaks at 2θ values of ~28.6°, 47.6° and 56.5° corresponding to the (111), (220) and (311) crystal planes, respectively can be depicted in the XRD patterns of as-obtained ZnS electrode materials, and all of them are well indexed to the diffraction of face centered cubic sphalerite structure of ZnS (JCPDS 05-0566)[5, 16, 17].

Figure 3 . 2 :

 32 Figure 3.2: XRD patterns of as-obtained ZnS electrode materials.

Figure 3 . 3 :

 33 Figure 3.3: SEM images of the ZnS two-step at different magnifications.

Fig. 3 .

 3 4b depicts the CV curves of ZnS (two-step) electrode, which are similar to those of ZnS (one-step) electrode, except that the current response of ZnS (two-step) electrode is larger than that of ZnS (one-step) electrode.The CV curves of ZnS (one-step) and ZnS (two-step) electrodes at a scan rate of 10 mV/s are also depicted in Fig.3.4c. Obviously, the current response and the integrated area of ZnS (two-step) electrode within the potential window are much larger than those of ZnS (one-step) electrode, indicating that the ZnS electrode material prepared through a two-step method has higher electrochemical activity. Moreover, the specific capacity, calculated from the CV curves (Fig.3.4d), further confirmed an enhanced specific capacity of ZnS (two-step) electrode material.𝑍𝑛𝑆 + 𝑂𝐻 -↔ 𝑍𝑛𝑆𝑂𝐻 + 𝑒 -

Figure 3 . 4 :

 34 Figure 3.4: CV curves at different scan rates of ZnS one-step (a), ZnS two-step (b), comparison of CV curves at a scan rate of 10 mV/s (c), specific capacity at different scan rates (d).

Fig. 3 .

 3 Fig.3.5c presents the GCD curves of ZnS (one-step) and ZnS (two-step) electrodes at a current density of 1 A g -1 . Consistent with obtained results from the CV curves, ZnS (two-step) electrode displays a prolonged time for charging/discharging process, demonstrating its higher electrochemical activity. The specific capacity values of ZnS (two-step) electrode are ~85, 82, 77, 76, 71, 70, 69 C g -1 at 0.5, 1, 2, 3, 5, 7, and 10 A g -1 , respectively, higher than the values obtained for ZnS (one-step) electrode at the same current densities (~48,46, 45, 42, 40, 37, 31 C g -1 ) (Fig.3.5d). As the current density increases from 0.5 to 10 A g -1 , ~ 81% of the capacity is maintained for ZnS (two-step) electrode, higher than ~64% retained by ZnS (one-step)

Figure 3 . 5 :

 35 Figure 3.5: GCD curves at different current densities of ZnS (one-step) (a), ZnS (two-step) (b), comparison of GCD curves at a current density of 1 A g -1 (c), specific capacity at different current densities (d).

Fig. 3 .Figure 3 . 6 :

 336 Fig. 3.6a depicts Nyquist plots where the intercept on the real impedance Z' axis in the highfrequency area represents the series resistance. Here, both ZnS electrodes are found to have a similar series resistance. In the fitted equivalent circuit (Fig. 3.6b), Rct values of 894.40 and 4598.00 ohm• cm -2 are determined for ZnS (two-step) and ZnS (one-step) electrodes, respectively, indicating that both prepared ZnS electrodes exhibit a poor electrical conductivity.

  solution A consisting of 1 g of PVP and 15 mL Milli-Q water, and a solution B made up of different mole ratios of Zn(CH3COO)2•2H2O and CoCl2•6H2O (the total amount of both precursors is fixed at 3 mmol) were prepared. After mixing solutions A and B, 286.5 μL of ammonia (35 wt%) was dropped into the mixture and maintained overnight at a certain temperature (RT, 50, or 80 ℃). A precipitate was formed and washed with Milli-Q water and ethanol until the pH was about 7. The obtained product was re-dispersed into 30 mL aqueous solution for further use. 100 mg of thioacetamide (TAA) was dissolved in 10 mL Milli-Q water and then mixed with 10 mL of the above solution under magnetic stirring. After that, the mixture was heated at 130 ℃ for 5 h. After natural cooling to room temperature, the resulting black solid product was collected through centrifugation, washed with Milli-Q water and ethanol, and dried at 60 ℃ overnight.The obtained samples are labeled based on the initial mole ratio of the Zn and Co precursors and the temperature during the chemical precipitation process. For example, the sample Zn: Co 1:2 50 means the initial mole ratio of the Zn and Co precursor was 1:2, and the chemical precipitation temperature was 50 ℃.

Figure 3 . 7 :

 37 Figure 3.7: Illustration of the synthesis route of ZnCoS electrode materials through a twostep ion-exchange sulfurization method.
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 5351 Characterization Structural characterization of ZnCoS prepared at room temperature (RT)XPS analysis was performed on Zn: Co (1:2) RT to gain information on the chemical composition and oxidation state of surface elements on its surface. The XPS full spectrum of Zn: Co (1:2) RT is depicted in Fig.3.8a. It comprises peaks attributed to Co, Zn, and S, while other elements (C, N, O) due to the PVP stabilizer are also detected.

Figure 3 . 8 :

 38 Figure 3.8: XPS analysis of Zn: Co (1:2) RT electrode material: (a) full spectrum, high resolution spectra of (b) Zn2p, (c) Co2p and (d) S2p. "Sat." in the Fig. 3.8 denotes satellite peaks.

Figure 3 . 9 :

 39 Figure 3.9: XRD patterns of ZnCoS electrode materials with different initial Co/Zn mole ratios. The morphology and detailed microstructures of the prepared Zn: Co (1:1) RT sample are examined by scanning electron microscopy (SEM). As shown in Fig. 3.10, it can be evidently seen that the Zn: Co (1:2) RT sample has a sheet-like structure (Fig. 3.10a). The high magnified

Figure 3 . 10 :

 310 Figure 3.10: SEM images at different magnifications of Zn: Co (1:2) RT sample.

Figure 3 . 11 :

 311 Figure 3.11: Nitrogen adsorption/desorption isotherm (a), and pore size distribution curve (b) of Zn: Co (1:2) RT electrode material.

Fig. 3 .

 3 12b and c depict the CV curves of Zn: Co (1:2) RT and Zn: Co (1:3) RT electrodes, which are similar to those of Zn: Co (1:1) RT electrode except the current response. Obviously, the current response of Zn: Co (1:2) RT electrode within the potential window is much larger than that of Zn: Co (1:1) RT and Zn: Co (1:3) RT electrodes, indicating that Zn: Co (1:2) RT electrode material has higher electrochemical activity.

  ZnS two-step (from Fig. 3.4c) and CoS electrodes (from Fig. 2.11a) are also provided. It is evident that Zn: Co (1:2) RT electrode shows the largest integrated area under the CV curve as compared to the other ZnCoS RT electrodes at a scan rate of 10 mV/s, and the order of the integrated area is Zn: Co (1:2) RT > CoS > Zn: Co (1:3) RT > Zn: Co (1:1) RT > ZnS two-step. Since the specific capacity of an electrode is proportional to the area under the CV curve, the order of the specific capacity of ZnCoS RT electrodes is also Zn: Co (1:2) RT (~205 C g -1 )> CoS (~176 C g -1 )> Zn: Co (1:3) RT (~148 C g -1 )> Zn: Co (1:1) RT (~121 C g -1 )> ZnS two-step (~74 C g -1 ) (Fig. 3.12e), further confirming that the partial substitution of Zn 2+ by Co 2+ / 3+ ions in ZnS lattice could lead to an enhanced electrochemical performance. 𝑍𝑛𝑆 + 𝑂𝐻 -↔ 𝑍𝑛𝑆𝑂𝐻 + 𝑒 - 𝐶𝑜𝑆 + 𝑂𝐻 -↔ 𝐶𝑜𝑆𝑂𝐻 + 𝑒 - 𝐶𝑜𝑆𝑂𝐻 + 𝑂𝐻 -↔ 𝐶𝑜𝑆𝑂 + 𝐻 2 𝑂 + 𝑒 -

Figure 3 . 12 :

 312 Figure 3.12: CV curves at different scan rates of ZnCoS RT electrodes, (a) Zn: Co (1:1) RT, (b) Zn: Co (1:2) RT, (c) Zn: Co (1:3) RT, (d) comparison of the CV curves recorded at a scan rate of 10 mV/s, (e) specific capacity at different scan rates.

Fig. 3 . 2 .

 32 Fig. 3.13d depicts the GCD curves of ZnCoS RT electrodes at a current density of 1 A g -1 , and for comparison, the GCD curves of ZnS two-step (from Fig. 3.5c) and CoS (from Fig. 2.11d) electrodes are also given. Consistent with obtained results from the CV curves, Zn: Co (1:2) RT electrode displays a prolonged time for charging/discharging process, demonstrating higher electrochemical activity. Specific capacity values of Zn: Co (1:2) RT electrode are determined to be ~225, 220, 213, 211, 206, 198 and 194 C g -1 at 0.5, 1, 2, 3, 5, 7 and 10 A g -1 ,respectively, higher than those achieved by other ZnCoS RT electrodes (Fig.3.13e). As the current density increases from 0.5 to 10 A g -1 , ~86% of the initial capacity of Zn: Co (1:2) RT electrode is maintained, higher than that of bare ZnS (two-step) (~81%) and bare CoS (~51%) electrodes, demonstrating the good rate capability. The results of GCD curves further confirm

Figure 3 . 13 :

 313 Figure 3.13: GCD curves of ZnCoS RT electrodes at different current densities. (a) Zn: Co (1:1) RT, (b) Zn: Co (1:2) RT, (c) Zn: Co (1:3) RT, (d) comparison of GCD curves at a current density of 1 A g -1 , (e) specific capacity at different current densities.

Figure 3 . 14 :

 314 Figure 3.14: Nyquist plots of ZnCoS RT electrodes (a), the corresponding equivalent circuit (b).

( 1 : 1 )Figure 3 . 15 :

 11315 Figure 3.15: Cycling performance of ZnCoS RT electrodes for 2,500 charge/discharge cycles at 5 A g -1 (a), specific capacity of ZnCoS RT electrodes before and after stability test at a current density of 5 A g -1 in 2M KOH aqueous solution (b).

  chemical and surface states of elements in obtained samples are assessed by XPS. The XPS full spectrum of Zn: Co (1:2) 50 is depicted in Fig. 3.16a. Like the full spectrum observed in Fig. 3.8a, it comprises peaks attributed to Co, Zn, and S, while other elements (C, O, N) due to the PVP stabilizer are also detected. The Co2p high-resolution XPS spectrum of Zn: Co (1:2) 50 consists of Co2p3/2 and Co2p1/2 spin-orbit doublets and two shakeup satellites (Fig. 3.16b). The peaks at ~779.3 and 783.1 eV are assigned to Co2p3/2 of Co 3+ and Co 2+ , respectively. The peaks at binding energies of ~794.5 and 798.1 eV are characteristic of Co2p1/2 of Co 3+ and Co 2+ , respectively. The difference of the binding energy between Co2p1/2 and Co2p3/2 is larger than 15 eV, suggesting the co-existence of Co 3+ and Co 2+ in Zn: Co (1:2) 50. The peaks at binding energies of ~787.6 and 803.4 eV are the shakeup satellites, in agreement with the literature data for bimetallic sulfides [22-24].

Figure 3 . 16 :

 316 Figure 3.16: XPS analysis of Zn: Co (1:2) 50 electrode material: (a) full spectrum, and high resolution spectra of (b) Co2p, (c) Zn2p, (d) S2p. "Sat." in the Fig. 3.15 denotes satellite peaks.

Fig. 3 .

 3 Fig. 3.18c also suggests that the sheet-like structure is made up of several nanoparticles. The low magnified SEM images of Zn: Co (1:2) 50 sample (Fig. 3.18e, f) revealed that its surface is very rough and has a porous structure, which is expected to provide more electroactive sites between the active material and the electrolyte.

Figure 3 . 18 :

 318 Figure 3.18: TEM images (a), SAED pattern (b), HRTEM images (c, d), and SEM images (e, f) of Zn: Co (1:2) 50.

Figure 3 . 19 :

 319 Figure 3.19: Nitrogen adsorption-desorption isotherms (a), and pore size distribution curves (b) of ZnCoS samples.

  (1:2) electrodes, prepared at different temperatures during the precipitation process, are recorded, and the corresponding CV curves acquired at different scan rates are displayed in Fig. 3.20a and b. Here, redox peaks could be detected in all CV curves, and the maximum current density of Zn: Co (1:2) 50 electrode is obviously larger than that of Zn: Co (1:2) 80 electrode. The CV curves of ZnCoS (1:2) electrodes at a scan rate of 10 mV/s are also depicted in Fig. 3.20c, and for comparison, the CV curves of Zn: Co (1:2) RT electrode (from Fig. 3.12d) are also provided. It is evident that Zn: Co (1:2) 50 electrode shows the largest integrated area under the CV curve as compared to the other ZnCoS (1:2) electrodes in the following order: Zn: Co (1:2) 50 > Zn: Co (1:2) 80 > Zn: Co (1:2) RT.Since the specific capacity of the electrode is proportional to the integrated area under the CV curves, the order of the specific capacity of ZnCoS (1:2) electrode at the scan rate of 5 mV/s is as follows: Zn: Co (1:2) 50 (~566 C g -1 )> Zn: Co (1:2) 80 (~294 C g -1 )> Zn: Co (1:2) RT (~223 C g -1 ) (Fig.3.20d), which further confirms that ZnCoS electrode material prepared at 50°C (temperature during the precipitation process) leads to enhanced electrochemical

Figure 3 . 20 :

 320 Figure 3.20: CV curves acquired at different scan rates of ZnCoS (1:2) electrodes. (a) Zn: Co (1:2) 50, (b) Zn: Co (1:2) 80, (c) comparison of the CV curves at a scan rate of 10 mV/s, (d) specific capacity at different scan rates.

Figure 3 . 21 :Figure 3 . 22 :

 321322 Figure 3.21: GCD curves of ZnCoS (1:2) electrodes at different current densities. (a) Zn: Co (1:1) 50, (b) Zn: Co (1:2) 80, (c) comparison of GCD curves at a current density of 1 A g -1 , (d) specific capacity at different current densities.

Figure 3 . 23 :

 323 Figure 3.23: (a) Cycling performance of Zn: Co 1:2 electrodes; (b) GCD curves after the first and 2,500 th cycle acquired at a current density of 5 A g -1 ; high resolution XPS spectrum of the Co2p (c) and Zn2p (d) after 2,500 cycles of Zn: Co (1:2) 50.

Figure 3 . 24 :

 324 Figure 3.24: Cycling performance of Zn: Co 1:2 50 electrode at 20 A g -1 for 6,000 cycles.

Fig. 3 .

 3 25a and b present TEM images of rGO and PrGO (prepared by pre-oxidation treatment) before the reduction process at 90 °C~100 °C, respectively. The TEM image of rGO (Fig. 3.25a) depicts winkles and folded morphology without any pores on the surface, whereas the TEM image of PrGO (Fig. 3.25b) is clearly showing the formation of uniform pores over the surface.

Figure 3 . 25 :

 325 Figure 3.25: TEM images of reduced graphene oxide (rGO) (a), and porous reduced graphene oxide (PrGO) (b).

Figure 3 . 26 :

 326 Figure 3.26: Electrochemical properties of rGO and PrGO in 2 M KOH: CV curves of rGO (a) and PrGO (b), CV curves of rGO and PrGO electrodes at a scan rate of 50 mV s -1 in the potential range of -0.9 to +0.1V (c); GCD plots of rGO (d) and PrGO (e), GCD plots of rGO and PrGO electrodes at a current density of 0.5 A g -1 in the potential range of -0.9 to +0.1 V (f); the corresponding specific capacitance values at different current densities (0.5-10 A g -1 )(g); Nyquist plots (h), and the corresponding equivalent circuit (i).

Fig. 3 . 3 . 8 50 )

 33850 Fig. 3.26h displays the Nyquist plots of rGO and PrGO electrodes and the corresponding equivalent circuit (Fig. 3.26i).The PrGO electrode has a slightly lower Rs (about 1.12 ohm·cm - 2 ) as compared to rGO (about 1.85 ohm·cm -2 ), suggesting the porous structure could reduce the series resistance effectively. Similarly, PrGO exhibits a much smaller Rct (about 2.53 ohm·cm -

Figure 3 . 27 : 55 V

 32755 Figure 3.27: Schematic diagram of an asymmetric PrGO//Zn: Co (1:2) 50 supercapacitor cell (a), CV curves of PrGO and Zn: Co (1:2) 50 electrodes at a scan rate of 10 mV s -1 (b).

Fig. 3 .

 3 Fig. 3.28c depicts the CV curves of the ASC at a cell voltage of 1.5 V as a function of the scan rate from 10 to 75 mV s -1 . No obvious change in the shape of the CV curves is observed.

Fig. 3 .

 3 28g presents the Nyquist plot of the fabricated PrGO//Zn: Co (1:2) 50 ASC device. The series resistance (Rs) of the fabricated ASC device is determined to be ~0.2 ohm·cm -2 , while the Rct value due to the chargetransfer resistance is ~24.1 ohm·cm -2 .

Figure 3 . 28 :

 328 Figure 3.28: (a) CV and (b) GCD curves at different cell voltage values, (c) CV curves at various scan rates, (d) variation of the specific capacity as a function of scan rate, (e) GCD curves at various current densities, (f) typical Ragone plot, (g) Nyquist plot of the fabricated asymmetric supercapacitor device, the inset in (g) is the corresponding equivalent circuit.

Fig. 3 .

 3 29a and b depict the CV curves of the flexible ASC device as a function of the bending angle (0 to 135°) recorded at a cell voltage of 1.5 V and a scan rate of 50 mV s -1 . No significant distortion of CV curves is apparent even when the bending angle is as high as 135°, which confirms the good flexibility of the fabricated ASC cell. For viable applications, supercapacitors should have long term electrochemical stability. Furthermore, the stability of the fabricated flexible ASC is evaluated 000 cycles (Fig.3.29c). It should be noticed that in the first 400 cycles, the capacity retention is ~ 122%, most likely due to the complete activation of both electrode materials.After 5,000 cycles, the capacity retention rate of the prepared flexible ASC device is ~ 84%, indicating the good cycling stability of the fabricated flexible ASC device.

Figure 3 . 29 :

 329 Figure 3.29: CV curves of the ASC at 50 mV/s under different bending angles of 0-135° in 2 M KOH solution (a), images of the bent cells (b), cycling performance of the fabricated flexible ASC device at 2 A g -1 for 5,000 cycles (c).

  of the CV curves at different bending angles indicates the good flexibility of the fabricated ASC device. The results obtained in the present work suggest that Zn: Co (1:2) 50 can be applied as a positive electrode material for designing flexible supercapacitors with high performance.

  4.1).1g of PVP was dissolved in 15 mL Milli-Q water under magnetic stirring at room temperature (solution A). At the same time, a solution B was prepared by successive dissolution of 1 mmol of Zn(CH3COO)2•2H2O and 2 mmol of NiCl2•6H2O in 5 mL Milli-Q water. The solutions A and B were mixed and 286.5 μL of ammonia (35 wt%) was added dropwise to this mixture under magnetic stirring at room temperature. The reaction was kept overnight at 50 ℃ in an oven after which a precipitate was formed. The precipitate was rinsed copiously with ethanol and Milli-Q water until the pH is ~7. The obtained product was re-dispersed in 30 mL Milli-Q water for further use. 100 mg of thioacetamide (TAA) was dissolved in 10 mL Milli-Q water and then mixed with 10 mL of the above solution under magnetic stirring at room temperature. After 30 min of stirring, the solution was heated at 130 ℃ for 5 h. After cooling to room temperature, the resulting black solid product was collected through centrifugation, rinsed with Milli-Q water and ethanol, and dried at 60 ℃ overnight. The sample was labeled as ZnS/Ni3S2.

Figure 4 . 1 :

 41 Figure 4.1: Schematic of the synthetic route of ZnS/Ni3S2 electrode materials.

Figure 4 . 2 :

 42 Figure 4.2: XPS analysis of ZnS/Ni3S2: (a) full spectrum; (b), (c) and (d) are respectively the Ni2p, Zn2p and S2p high resolution spectra. "Sat" in Fig. 4.2b denotes satellite peaks.

  4.3a).Two different phases could be observed. The diffraction peaks at ~28.6°, 47.6°, and 56.5°, attributed to the (111), (220) and (311) crystal planes match the diffraction peaks of the face-centered cubic sphalerite ZnS structure (JCPDS 05-0566)[13]. Additionally, the diffraction peaks at 2θ values of ~21.8°, 31.0°, 49.4°, and 55.1° are assigned to the (101), (110), (113) and (122) crystal planes of Ni3S2 (JCPDS 44-1418)[9, 14, 15]. The observed diffraction peaks indicate that the product is a mixture of ZnS and Ni3S2 phases. In addition, using the Bragg's law (equation 3-1), the interplanar distance d values of the diffraction peaks at 2θ of ~21.8°, 28.6°, 31.0°, 47.6°, 49.4°, 55.1°, and 56.5° are determined to be ~0.40, 0.30, 0.28, 0.19, 0.18, 0.17, and 0.16 nm, respectively. Furthermore, the crystallite size of the synthesized sample is determined using the Scherrer formula (equation 3-2). Using the FWHM of the (111) peak, an average crystallite size of 8 nm is estimated.

Figure 4 . 3 :

 43 Figure 4.3: (a) XRD pattern, (b) TEM image, (c, d) HRTEM images and (e, f, g) SEM images of ZnS/Ni3S2; the inset in (b) is the SAED pattern.

Fig. 4 .

 4 Fig. 4.3b-d depict typical TEM images of as-prepared ZnS/Ni3S2. Fig. 4.3b shows a low resolution TEM image, from which a quasi-sheet-like structure can be observed. Furthermore, the selected area electron diffraction (SAED) pattern reveals rings and dots, suggesting good crystallinity of the ZnS/Ni3S2 nanoparticles (inset in Fig. 4.3b). The interplanar distance d values of the lattice fringes, calculated from the SAED pattern, are ~0.30, 0.19, 0.16 nm, in accordance with the (111), (220), and (333) lattice planes of ZnS. Moreover, additional three lattice fringes of ~0.40, 0.28, 0.17 nm due to the (101), (110) and (122) lattice planes of Ni3S2

  are also detected. HRTEM images of ZnS/Ni3S2 are displayed in Fig. 4.3c and d. The clear lattice fringe spacing of ~0.30 nm (Fig. 4.3c) matches well with the (111) lattice plane of ZnS phase, while the lattice fringe spacing of ~0.28 nm is in good accordance with the (110) lattice plane of Ni3S2 phase (Fig. 4.3d). The results corroborate the XRD analysis. SEM images of ZnS/Ni3S2 are depicted in Fig. 4.3e-g. Unlike the smooth surface of bare ZnS sample (Fig. 3.1), the SEM image of ZnS/Ni3S2 sample, at a lower magnification, reveals that the surface is very rough, suggesting that addition of Ni enhances the surface roughness (Fig. 4.3e

Figure 4 . 4 :

 44 Figure 4.4: (a) Nitrogen adsorption-desorption isotherm and (b) pore size distribution curve of ZnS/Ni3S2.

4 . 5

 45 ). CV curves exhibit obvious redox peaks (Fig.4.5a), indicating a faradic battery-type characteristic of the ZnS/Ni3S2 electrodes[25]. Additionally, when the scan rate increases (Fig.4.5a), the current density is enhanced without affecting the shape of the CV curves. The results suggest a good rate capability of the ZnS/Ni3S2 electrode. Furthermore, when the scan rate increases, the oxidation peaks shift to higher potential and the reduction peak moves towards lower potential.

Figure 4 . 5 :

 45 Figure 4.5: Electrochemical properties of ZnS/Ni3S2 electrode within the potential range of 0 to +0.7 V in 2 M KOH: (a) CV curves, (b) the anodic and cathodic peak current densities vs. the square root of scan rate, (c) CV curves of ZnS/Ni3S2 electrodes recorded in different potential windows at a scan rate of 50 mV s -1 .

Figure 4 . 6 : 1 .Fig. 4 .Figure 4 . 7 :

 461447 Figure 4.6: CV curves of ZnS/Ni3S2 electrodes and bare nickel foam at a scan rate of 10 mV s -1 in the potential range of 0 to +0.55 V.

Fig. 4 .

 4 8b depicts the XPS high-resolution spectrum of the Ni2p of the ZnS/Ni3S2 electrode after 6,000 charging-discharging cycles. The spectrum can be deconvoluted with two spin-orbit peaks at ~856.4 and 874.3 eV assigned to Ni 2+ 2p3/2 and Ni 2+ 2p1/2, respectively. The presence of two satellite peaks (~862.1 and 880.1 eV), characteristic of Ni 2+ , reveals the excellent reversible redox process during the charge-discharge cycling.

Figure 4 . 8 :

 48 Figure 4.8: (a) Stability test of ZnS/Ni3S2 electrode at 10 A g -1 for 6,000 cycles; (b) Ni2p high resolution XPS spectrum after 6,000 cycles. "Sat" in Fig. 6b denotes satellite peaks.

4 . 4

 44 Fabrication of a hybrid supercapacitor (PrGO//ZnS/Ni3S2)

Fig. 4 .

 4 Fig.4.9b displays a series of CV curves of the hybrid supercapacitor at different cell voltages at a scan rate=50 mV s -1 . Interestingly, increasing the cell voltage does not seem to affect the shape of the CV curves. Additionally, redox peaks are obvious for all investigated voltage windows. However, the polarization becomes much more obvious as the cell voltage is extended to 1.8 V. CV curves of the PrGO//ZnS/Ni3S2 hybrid supercapacitor vs. the scan rate (10 to 100 mV s -1 ) at a cell voltage of 1.6 V are displayed in Fig.4.9c. Again, under these experimental conditions, the shape of CV curves is not altered. GCD curves are also recorded at various cell voltage values (current density=5 A g -1 ) to determine the Ragone plot (Pd vs. Ed) (Fig.4.9d). Both CV and GCD analysis indicate that the PrGO//ZnS/Ni3S2 hybrid supercapacitor operating cell voltage window could be extended up to 1.8 V. However, a cell voltage of 1.6 V is used for further investigation of the electrochemical properties of the PrGO//ZnS/Ni3S2 hybrid supercapacitor, considering the energy density and the polarization of assembled hybrid supercapacitor.

Figure 4 . 9 :

 49 Figure 4.9: (a) CV curves of the positive and negative electrodes at a scan rate of 10 mV s -1 ; (b) CV curves recorded at different cell voltages; (c) CV curves at different scan rates; (d) GCD curves recorded at different cell voltages; (e) GCD plots recorded as a function of current density; (f) the corresponding specific capacity as a function of current density; (g) the corresponding Ragone plot of the hybrid supercapacitor for different cell voltages (current density=5 A g -1 ); (h) typical Ragone plot of the hybrid supercapacitor.

Fig. 4 .

 4 9h depicts the Ragone plot of the PrGO//ZnS/Ni3S2 hybrid

Figure 4 . 10 :

 410 Figure 4.10: Photographs of the LEDs (yellow, red and green) powered by two asymmetric supercapacitor connected in series.

  After a similar co-precipitation and ion-exchange process. Samples are obtained and labeled based on the initial mole ratio of the Sb, Cr and Co precursors. For example, the sample Sb: Cr: Co (1:3:4) means that the initial mole ratio of the Sb, Cr and Co precursors is 1:3:4. Similarly, other electrode materials viz. Sb: Cr: Co (1:0:0), Sb: Cr: Co (0:1:0) and Sb: Cr: Co (0:0:1) are synthesized by a similar method. The total amount of all precursors is fixed at 1.25 mmol.

Figure 5 . 1 : 5 . 2 .-1 and 5 - 3 , 4 :

 5152534 Figure 5.1: Illustration of the synthesis route of the Sb: Cr: Co (1:3:4) electrode by chemical co-precipitation (a) and ion-exchange (b) processes.

Figure 5 . 2 :Fig. 5 .

 525 Figure 5.2: XRD patterns of the prepared Sb: Cr: Co samples.

Figure 5 . 3 : 2 (

 532 Figure 5.3: XPS analysis of Sb: Cr: Co (1:3:4): (a) survey spectrum, (b), (c) (d) and (e) are the high-resolution spectra of Sb3d (O1s), Cr2p and Co2p and S2p, respectively. "Sat" in Fig. d denotes satellite peaks.

Figure 5 . 4 :

 54 Figure 5.4: SEM images of Sb2S3 (a, b), CrOOH (c, d), CoS2 (e, f) and Sb2S3/CoS2/CrOOH (g, h), and element mappings of C, Sb, Co, S, Cr, O elements recorded from Sb2S3/CoS2/CrOOH (i).

5. 3 . 2

 32 Electrochemical properties of Sb: Cr: Co electrodes CV and GCD curves of Sb: Cr: Co electrodes are displayed in Fig. 5.5 a-h. Obvious redox peaks and potential plateaus are detected in CV and GCD curves of Sb: Cr: Co (1:0:0), (0:1:0) electrodes (Fig. 5.5 a, b, e and f), indicating the existence of battery-type behavior. The redox peaks and the humps observed in the CV and GCD curves of Sb: Cr: Co (0:0:1) electrode indicate the existence of faradaic reactions (Fig. 5.5 c and g). Redox peaks and potential plateaus observed in CV and GCD curves of Sb: Cr: Co (1:3:4) (Fig. 5.5 d and h) electrode are assigned to the existence of battery-type capacity. Furthermore, the current density response of all electrodes increases when the scan rate is varied from 5 to 100 mV/s, and the shape of CV curves is well-maintained, indicating good rate capability of all Sb: Cr: Co electrodes.

Figure 5 . 5 :Fig. 5 .

 555 Figure 5.5: Electrochemical properties of Sb: Cr: Co electrode materials in 2 M KOH in the operating potential window (0 -0.55 V): (a-d) CV curves of Sb: Cr: Co (1:0:0), (0:1:0), (0:0:1), (1:3:4) electrodes recorded at various scan rates (5 -100 mV/s); (e-h) GCD curves of Sb: Cr: Co (1:0:0), (0:1:0), (0:0:1), (1:3:4) electrodes acquired at different current densities (2-20 A g -1 );

Figure 5 . 6 :

 56 Figure 5.6: (a) CV curves of all electrodes recorded at a scan rate of 10 mV/s; (b) GCD curves recorded of all electrodes at a current density of 2 A g -1 ; (c) Specific capacity of all electrodes acquired at current densities of 2-20 A g -1 ; (d, e) Nyquist plots of all Sb: Cr: Co electrodes; (f) cycling performance and columbic efficiency of Sb: Cr: Co (1:3:4) at 20 A g -1for 6,000 cycles, the inset in (e) is the corresponding equivalent circuit.

Fig. 5 .

 5 Fig. 5.6b compares GCD curves of all Sb: Cr: Co electrodes at a current density of 2 A g -1 .

Sb: Cr: Co ( 1 : 3 : 4 )

 134 The enhanced electrochemical performance of Sb: Cr: Co (1:3:4) electrode could be detected through fundamental electrochemical tests. With respect to investigating the origin of the outstanding performance of Sb: Cr: Co (1:3:4), the electrochemical reaction kinetics are analyzed through the quantification of capacitive and diffusion-controlled charge storage processes.

5 𝑙𝑜𝑔 6 Figure 5 . 7 :

 5657 Figure 5.7: log (scan rate) -log (cathodic or anodic peak current response) of Sb: Cr: Co (1:3:4) electrode (a), fitting linear relationship between i/ν 1/2 vs. ν 1/2 used to calculate values of k1 at different potentials (b), CV curves of the Sb: Cr: Co (1:3:4) electrode at a scan rate of 100 mV/s, the shaded area represents the capacitive contribution (c), the normalized contribution ratio of capacitive and diffusion-controlled charge storage of the Sb: Cr: Co (1:3:4) electrode at different scan rates (d).

As presented in Fig. 5 . 5 . 4

 554 7c, the shaded area in the CV curve represents the capacitive contribution from the surface-controlled process. It could be seen that capacitive contribution (shaded area with red color) occupies ~ 94.33% of the total charge storage at a scan rate of 100 mV/s. The contribution ratio of capacitive and diffusion-controlled processes of Sb: Cr: Co (1:3:4) electrode at different scan rates is depicted in Fig. 5.7d. The capacitive contribution increases with the increase of the scan rate to reach ~ 71.4% of the total charge storage at a scan rate of 5 mV/s, and ~ 94.33% at 100 mV/s. That is to say, the capacitive contribution from the surface-controlled process dominates the charge storage at various scan rates. Electrochemical evaluation of PrGO//Sb: Cr: Co (1:3:4) hybrid supercapacitorTo further identify the potential application of the Sb: Cr: Co (1:3:4) electrode, a hybrid supercapacitor, including Sb: Cr: Co (1:3:4) as a positive electrode and PrGO[31] as a negative electrode, is assembled. Based on equations 1-5 and 1-6, the charges of the positive and negative electrodes are balanced by equilibrating the mass ratio of the positive and negative electrodes.A series of CV and GCD curves with increasing operation voltage window are performed to investigate the best operating voltage of the fabricated supercapacitor (Fig.5.8a and b). The operation voltage window is chosen as 1.5 V due to the obvious oxygen evolution as the operation voltage window is extended to 1.6 V.

Fig. 5 .

 5 Fig.5.8c depicts the CV curves of PrGO//Sb: Cr: Co (1:3:4) hybrid supercapacitor at different scan rates ranging from 5 to 100 mV/s over the voltage window (0 to 1.5 V). CV curves display a relatively inactive region (0 to ~0.3 V) and an active region between ~ 0.3 to 1.5 V. Those two regions are assigned to the double layer capacitance and battery-type capacitive behavior. Initially, PrGO contributes to the relatively small double layer capacitance from 0 to ~0.3 V. When the operation voltage window reaches ~0.3 V, Sb: Cr: Co (1:3:4) starts to provide much more significant faradaic current to the supercapacitor. This results in a rapid increase of the current density in the CV curves. Furthermore, the shape of the CV curves is still maintained as the scan rate increases to 100 mV/s, indicating a good rate capability of the supercapacitor.

Fig. 5 .

 5 8g displays the EIS curve and the equivalent circuit is depicted in the inset. Here, the simulated results show that the fabricated supercapacitor exhibits Rs of 3.10 ohm• cm -2 and Rct of 14.21 ohm• cm -2 . The cycling performance and coulombic efficiency of the fabricated supercapacitor at 5 A g -1 for 5,000 charge-discharge cycles are also investigated (Fig.5.8h). The retention of its capacity and coulombic efficiency are ~ 90.7% and 94.1%, respectively, indicating a good electrochemical stability and reversibility.

④⑤⑥

  A certain amount of polyvinylidene difluoride (PVDF) is dissolved in N-methyl-2pyrrolidone (NMP) solution; the measured amount of PVDF (A mg) and volume of NMP (B ml) should be recorded for the following calculation; Calculate the mass of dried mixture (active material and carbon black), record the value (C mg) and collect the mixture for further use; Certain volume in ml of PVDF/NMP (C*B/(9*A)) is taken (B value should be larger than that of C*B/(9*A) value). Make sure the mass ratio of the mixture (active material and carbon black) and PVDF is 9:1.⑦ A slurry is obtained by manual grinding the mixture of active material and carbon black (C mg) and PVDF/NMP (C*B/(9*A) ml) in a mortar. The slurry should not be too thin or too thick.

  

  

  

  

Table 1 -

 1 The precursor of activated carbon is usually from natural renewable resources such as woods, textile products, crop shell, and fossil-fuel-derived such as pitch, coal, or coke. Physical treatment is usually done at high temperatures under oxidizing atmosphere (CO2, H2O, and so on), whereas chemical treatment is commonly performed on amorphous carbons previously mixed with chemicals such as alkalis, carbonates or acids. A

	Material	Active carbon	Carbon nanotubes	Templated carbons porous	Graphene
	Dimensionality	3-D	1-D	3-D	2-D
	Conductivity	Low	High	Low	High
	Volumetric	High	Low	Low	Moderate
	Cost	Low	High	High	Moderate
	Capacitance	Aqueous electrolyte	< 200	50-100	120-350	< 298
	(F g -1 )	Organic electrolyte	< 100	<60	60-140	120-348

1: Properties and characteristics of carbon structures used for ESs

[9, 11,[26][27][28][29][30][31]

.

Structure

1.4.1.1 Activated carbon

Activated carbon is a form of carbon processed to have small, low-volume pores that increase the active surface area. It could be obtained from carbon-rich organic precursors after physical and/or chemical treatment.

.4.2.1 Surface redox pseudo-capacitive materials

  

	Transition metals are another important class of ESs electrode materials expected to store
	much more energy than carbon materials, owing to the faradaic charge transfer involved in the
	electrochemical process. In the past decades, worldwide attention has been focused on transition
	metal oxides/hydroxides, sulfides, phosphides based electrode materials. Three different types
	of transition metal materials distinguished by their corresponding energy storage mechanism
	are shown in Table 1-2 and discussed in the following parts.
	Table 1-2: Transition metals distinguished by their corresponding energy storage
		mechanism [12].
	Energy storage mechanism	Typical materials
	Pseudo-capacitance	surface redox intercalation	Mn and Fe oxides/oxyhydroxides V2O5, WO3, Nb2O5, MoS2, etc
	Battery-type capacity	Ni, Co, Cu, Zn based oxides/hydroxides, sulphides and phosphides
	1Manganese oxide/oxyhydroxide materials such as MnO2, Mn3O4, and MnOOH are reported
	as typical surface redox pseudo-capacitive materials [47, 48]. Iron (Fe) oxides/oxyhydroxides
	also show surface redox pseudo-capacitive behavior only in a relatively narrow voltage range
	of 0 to -0.8 V vs. Ag/AgCl. These types of electrode materials are abundant, possess high
	theoretical capacitance and low cost. The electric charge storage of this class of electrode
	materials involves a change of oxidation state with the participation of alkali cations or protons.

Table 1 -

 1 

		Type	Electrode materials	Typical materials
	I	Symmetric p-p doped	Same p-doped polymer	Polyaniline (PANI), Polypyrrole (PPy)
	II	Asymmetric p-p' doped	Two different p-doped polymers	PPy/polythiophene (PTh)
	III	Symmetric n-p doped	Same polymer which can be p-and n-doped in the same molecule	PTh and its derivatives

3: Configurations of CPs-based ES systems [25, 78].

Table 2 -

 2 

	Electrode	Rs (ohm·cm -2 )	Rct (ohm·cm -2 )
	CoS	1.07	143.10
	CoS/rGO 10	0.94	79.05
	CoS/rGO 15	0.90	4.25
	CoS/rGO 20	0.91	9.27
	Fig. 2.9c shows the stability performance of all CoS/rGO electrodes at 5 A g -1 . Almost no
	obvious decrease is detected in the cycling plots after 1,000 cycles, demonstrating the good
	cycling stability of CoS/rGO electrodes. CoS/rGO 15 electrode achieves the highest specific
	capacity during the stability test (from ~208 C g -1 in the 1 st cycle to ~219 C g -1 in the 1,000 th
	cycle at 5 A g -1 ), as compared with that of other CoS/rGO electrodes (CoS/rGO 20 (from ~179

1: Values of Rs and Rct for all CoS/rGO electrodes.

Table 2 - 2 .

 22 The electrode CoS/PF-9 displays the smallest values for Rs (0.81 ohm• cm -2 ) and Rct (2.73 ohm• cm -2 ).

Table 2 - 2 :

 22 Values of Rs and Rct for all electrodes.

	Electrode	Rs (ohm•cm -2 )	Rct (ohm•cm -2 )
	CoS	1.07	143.10
	CoS/rGO	0.90	4.25
	CoS/PF-9	0.81	2.73

CoS/rGO and CoS/PF-9 electrodes achieve higher capacity than CoS nanoparticles under the same conditions (Fig.

2

.11c and f), and the CoS/PF-9 electrode provides a slightly higher value than CoS/rGO and smaller values for Rs and Rct.

Table 3 - 1 :

 31 Preparation conditions of ZnCoS electrode materials.

	Sample	Initial Zn/Co mole ratio	Temperature during the chemical precipitation process (℃)
	Zn:Co (1:1) RT	1:1	RT
	Zn:Co (1:2) RT	1:2	RT
	Zn:Co (1:3) RT	1:3	RT
	Zn:Co (1:2) 50	1:2	50
	Zn:Co (1:2) 80	1:2	80

2 Co 2p CPS Binding energy / eV (c) 2p 3/2 158 159 160 161 162 163 164 165 166 2p

  binding energy between Co2p1/2 and Co2p3/2 is larger than 15 eV, revealing the co-existence of Co 3+ and Co 2+ in Zn: Co (1:2) RT electrode material. The bands at binding energies of ~786.0 and 803.3 eV are the shakeup satellites[19][20][21]. The XPS high-resolution spectrum of S2p can be deconvoluted in two bands at ~161.5 and 162.7 eV due to S2p3/2 and S2p1/2, respectively (Fig.

	3.8d). From XPS analysis results, the obtained Zn: Co (1:2) RT consists of Zn 2+ , Co 2+ , Co 3+ ,
	and S 2-.							
	The existence of Co and Zn in the prepared ZnCoS RT samples is further confirmed by ICP-
	(a) AES analysis (					Zn 2p		(b)	2p 3/2	Zn 2p
	CPS	S 2p	C 1s	N 1s	O 1s	Co 2p			CPS	2p 1/2
	0	200 400 600 800 1000 1200 Binding energy / eV	1010	1020 Binding energy / eV 1030 1040	1050
									S 2p
									(d)
									2p
									3/2
		3+	2+	Sat.	Sat. 2p 1/1/2 2+ 3+ CPS
	770		780		790	800	810
									Binding energy / eV
									3.8b), two prominent peaks at 1022.0 and
	1045.3 eV due to Zn2p3/2 and Zn2p1/2, respectively are observed, indicating the presence of Zn 2+
	[5, 6]. The Co2p high-resolution XPS spectrum of Zn: Co (1:2) RT consists of Co2p3/2 and Co2p1/2

spin-orbit doublets and two shakeup satellites (Fig. 3.8c). The bands at ~779.4 and 781.2 eV are assigned to Co2p3/2 of Co 3+ and Co 2+ , respectively. The bands at binding energies of ~794.6 and 797.0 eV are characteristic of Co2p1/2 of Co 3+ and Co 2+ , respectively. The difference of the

Table 3 -

 3 2). The influence of the initial Co/Zn mole ratio on the final composition of ZnCoS RT electrode materials is also investigated. The amount of Co in the prepared ZnCoS RT electrode materials increases from 22.66 to 31.73 wt%, as the initial Co/Zn mole ratio increases and the final ratio of Co/Zn (wt%/wt%) increases from 0.45 to 0.73, indicating that more Zn 2+ ions are replaced by Co 2+ / 3+ as the initial Co/Zn mole ratio increases. Furthermore, the exact chemical composition of the obtained ZnCoS RT electrode materials is deduced, based on the ICP-AES results.
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 32 Co and Zn composition obtained by ICP-AES analysis. Co 3+ by Zn 2+ ion in CoS lattice. Indeed, the size of Zn 2+ ion (74 pm) is slightly larger than that of Co 2+ (70 pm) or Co 3+ (60 pm) ions; therefore, partial substitution of Zn 2+ by Co 2+ / 3+ ions would not significantly affect the cell parameters.

	Sample	Zn (wt%)	Co (wt%)	Co/Zn (wt%/wt%)	Formula
	Zn: Co (1:1) RT	50.80	22.66	0.45	Zn0.70Co0.30S
	Zn: Co (1:2) RT	45.72	25.36	0.55	Zn0.65Co0.35S
	Zn: Co (1:3) RT	43.40	31.73	0.73	Zn0.58Co0.42S
	The crystal structure of the synthesized ZnCoS electrode materials with different initial
	Co/Zn mole ratios is determined by XRD technique (Fig. 3.9), and for comparison, XRD
	patterns of both ZnS two-step (from Fig. 3.2) and CoS electrode materials (from Fig. 2.3a) are
	also given. For Zn: Co RT (1:1), (1:2), (1:3) electrode materials, diffraction peaks at 2ϴ= ~28.6°,
	47.8°, and 56.7° corresponding to the (111), (220), and (311) crystal planes, respectively can
	be well indexed to the diffraction patterns of cubic planes of Zn0.76Co0.24S (ZnCoS) (JCPDS
	card No. 47-1656). From XRD results, it could be concluded that XRD patterns of the Zn: Co
	RT (1:1), (1:2), (1:3) electrode materials is very close to that of ZnS (two-step) electrode

material, except that diffraction peaks became slightly broader. Therefore, we can hypothesize that during the synthesis process, partial substitution of Zn 2+ by Co 2+ / 3+ ions in the ZnS lattice took place, instead of the substitution of Co 2+ /

Table 3 -

 3 

3, showing that Zn: Co (1:2) RT electrode exhibits the smallest series resistance (0.79 ohm• cm -2 ) and charge transfer resistance (28.54 ohm• cm -2 ).
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 33 Values of Rs and Rct for ZnCoS RT electrodes.

	Electrode	Rs (ohm·cm -2 )	Rct (ohm·cm -2 )
	ZnS (two-step)	1.56	894.40
	Zn:Co (1:1) RT	1.29	26.56
	Zn:Co (1:2) RT	0.79	28.54
	Zn:Co (1:3) RT	0.74	86.57
	CoS	1.07	143.10

3.16d).

  The absence of components at higher binding energies clearly indicates that sulfur is not oxidized. From XPS analysis results, the obtained Zn: Co (1:2) 50 consists of Zn 2+ , Co 2+ , Co 3+ , and S 2-. and 56.5° corresponds to ~0.30, 0.19 and 0.16 nm, respectively. The particle size of ZnCoS sample is determined using the equation 3-2. Based on the full width at half maximum of diffracted peaks of Zn: Co (1:2) 50, the calculated average particle size was 5 nm using the (111) diffraction peak.

	CPS	(a)	S 2p	C 1s	N 1s	O 1s	Co 2p	Zn 2p		CPS	3+ (b) 2p 3/2	2+	Sat.	2+ 2p 1/2 3+	Sat. Co 2p
	0			300	600 Binding energy / eV 900	1200	770	780 Binding energy / eV 790 800	810
	(c)		2p 3/2				Zn 2p		(d)			2p 3/2	S 2p
	CPS							2p 1/2	CPS				2p 1/2
	1010	1020		1030	1040	1050	158 159 160 161 162 163 164 165 166
				Binding energy / eV					Binding energy / eV
	The crystal structure of the as-prepared Zn: Co (1:2) 50 electrode material is determined by
	the XRD technique (Fig. 3.17); for comparison, the XRD pattern of Zn: Co (1:2) RT electrode
	is also given. Similar to the XRD pattern of Zn: Co (1:2) RT, diffraction peaks at ~28.6°, 47.8°,
	and 56.7° corresponding to the (111), (220), and (311) crystal planes, respectively, could be
	observed. However, the diffraction peaks become much broader as the temperature during the
	precipitation process increases. It is reasonable to deduce that the poor crystallinity of obtained

ZnCoS electrode materials is due to the increase of the temperature during the precipitation process. Furthermore, the interplanar distance d of Zn: Co (1:2) 50 sample is calculated using equation 3-1. The interplanar distance d of the diffraction peaks at 2θ values of ~28.6°, 47.6°, Figure 3.17: XRD patterns of the prepared Zn: Co (1:2) electrode materials at different temperatures during the precipitation process. The existence of Co and Zn in the prepared Zn: Co (1:2) electrode materials is confirmed by ICP-AES analysis (Table

3-4

). The influence of temperature during the chemical precipitation process on the final ratio of Co/Zn (wt%/wt%) of ZnCoS is also investigated.

When the initial Co/Zn mole ratio is fixed at 2, the final ratio of Co/Zn (wt%/wt%) increases from 0.55 to 1.25 when the temperature is increased from room temperature (RT) to 80°C, indicating that much more Zn 2+ ions are replaced by Co 2+ /Co 3+ ions as the chemical precipitation temperature increases. It is worth noting that the final ratio of Co/Zn (wt%/wt%) of ZnCoS sample synthesized at higher chemical precipitation temperature is significantly larger than that prepared at room temperature. Therefore, improving the chemical precipitation temperature is believed to be much more effective to obtain a much higher ratio of Co/Zn (wt%/ wt%) in ZnCoS lattice.
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 34 Co and Zn composition obtained by ICP-AES analysis.

	Sample	Zn (wt%)	Co (wt%)	Co/Zn (wt%/wt%)	Formula
	Zn: Co (1:2) RT	45.72	25.36	0.55	Zn0.65Co0.35S
	Zn: Co (1:2) 50	37.62	43.54	1.16	Zn0.46Co0.54S
	Zn: Co (1:2) 80	29.68	36.97	1.25	Zn0.45Co0.55S

Table 3 -

 3 

5, showing that all Zn: Co (1:2) electrodes exhibit a small series resistance value, while Zn: Co (1:2) 50 displays the smallest charge transfer resistance (2.68 ohm• cm -2 ).

Table 3 -

 3 

	Electrode	Rs (ohm·cm -2 )	Rct (ohm·cm -2 )
	Zn:Co (1:2) RT	0.79	28.54
	Zn:Co (1:2) 50	0.92	2.68
	Zn:Co (1:2) 80	1.05	19.49

5: Values of Rs and Rct for all Zn: Co (1:2) electrodes.
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	1: The anodic and cathodic peak potentials of ZnS/Ni3S2 at various scan rates
		ranging from 5 to 50 mV s -1 .	
	Scan rate	Potential of the anode peak	Potential of the cathodic
	(mV s -1 )	(V vs. Hg/HgO)	peak (V vs. Hg/HgO)
	5	0.4692	0.3645
	10	0.4836	0.3550
	20	0.5082	0.3446
	50	0.5421	0.3370
	Specific capacity values, determined from GCD curves (Fig. 4.7b) and equation 1-4, are
	displayed in Fig. 4.7c. The ZnS/Ni3S2 electrode provides specific capacity values of ~890, 742,
	727, 701, 678, 653, 632, and 620 C g -1 at current densities of 1, 2, 3, 5, 7, 10, 15 and 20 A g -1 ,

Table 4 - 3 :

 43 Impedance parameters determined from EIS spectra.

	Sample	Rs	Rct	CPE	n	CF	W
		(ohm•cm -2 )	(ohm•cm -2 )	(S		(F/cm 2 )	(S
				sec 1/n /cm 2 )			sec 1/2 /cm 2 )
	ZnS/Ni3S2	1.03	1.01	0.26	0.47	0.13	0.0046
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 44 Comparison with other metal sulfide hybrid supercapacitors.

	Electrode material	Working voltage / V	Energy density / Wh kg -1	Power density / W kg -1	Reference
	Active carbon (AC)//CoS/graphene	1.6	29	800	[45]
	AC//NiSx	1.6	4.1	53.5	[16]
	PrGO//ZnCoS	1.5	17.7	435	[46]
	AC//NiCo2S4	1.5	28.3	245	[41]
	AEG//MoS2/GF	1.4	16	758	[47]
	AC//ZnxNi1-xS	1.6	16.2	2330	[48]
	AC//NiCo2S4/Co9S8	1.5	33.5	150	[11]
	AC//ZnS/Ni3S2	1.6	51.2	849.4	[32]
	PrGO//ZnS/Ni3S2	1.6	30.6	880	Our work

  LEDs could be powered sequentially by using two ASC connected in series. The results reported in the present work hold promise for practical application of ZnS/Ni3S2 as a positive electrode material for assembling high-performance hybrid supercapacitors. Then, 7.5 mL of 1 wt% ammonia solution is added into the above solution and kept at 50 ℃ for 15 h to yield a precipitate. The precipitate is rinsed sequentially with ethanol and Milli-Q water until the pH is ~7. The obtained product is re-dispersed in Milli-Q water (42 mL) using a

	horn-type sonotrode (Branson, Ultrasonic-Homogenizer Sonifier II W-450 with a 4.8 mm
	10 A g -1 after 6,000 cycles in 2M KOH aqueous electrolyte. Furthermore, a PrGO//ZnS/Ni3S2 microtip) for 3 min for further use.
	hybrid supercapacitor is fabricated to investigate the potential usage of the developed material Ion-exchange process: 150 mg thioacetamide (TAA) is dissolved in the solution above and
	for energy storage. Under an optimized cell voltage window (1.6 V), the hybrid supercapacitor heated at 200 ℃ for 10 h to yield a precipitate. The resulting precipitate is separated through
	achieves a good electrochemical performance such as a good energy density of 30.6 W h kg -1 centrifugation, rinsed with ethanol and Milli-Q water, and dried in an oven at 60 °C overnight.
	at a power density of 880 W kg -1 . Moreover, for practical application, yellow, red, and green The sample is referred to as Sb: Cr: Co (1:3:4).

Table 5 - 1 :

 51 Proposed redox reactions of Sb: Cr: Co samples in 2M KOH aqueous electrolyte. 𝑆𝑏 2 𝑆 3 + 𝑂𝐻 -↔ 𝑆𝑏 2 𝑆 3 𝑂𝐻 + 𝑒 - 𝑆𝑏 2 𝑆 3 + 𝑂𝐻 -↔ 𝑆𝑏 2 𝑆 3 𝑂𝐻 + 𝑒 - 𝐶𝑟𝑂(𝑂𝐻) + 𝑂𝐻 -↔ 𝐶𝑟𝑂(𝑂𝐻) 2 + 𝑒 - 𝐶𝑜𝑆 2 + 𝑂𝐻 -↔ 𝐶𝑜𝑆 2 𝑂𝐻 + 𝑒 - 𝐶𝑜𝑆 2 𝑂𝐻 + 𝑂𝐻 -↔ 𝐶𝑜𝑆 2 𝑂 + 𝐻 2 𝑂 + 𝑒 - Sb: Cr: Co (0:1:0) 𝐶𝑟𝑂(𝑂𝐻) + 𝑂𝐻 -↔ 𝐶𝑟𝑂(𝑂𝐻) 2 + 𝑒 - Sb: Cr: Co (0:0:1) 𝐶𝑜𝑆 2 + 𝑂𝐻 -↔ 𝐶𝑜𝑆 2 𝑂𝐻 + 𝑒 - 𝐶𝑜𝑆 2 𝑂𝐻 + 𝑂𝐻 -↔ 𝐶𝑜𝑆 2 𝑂 + 𝐻 2 𝑂 + 𝑒 -

	Material	Redox reaction
	Sb: Cr: Co (1:0:0)	
	Sb: Cr: Co (1:3:4)	

) as compared to rGO (about 496.81 ohm·cm -2 ), indicating a faster charge transfer speed during

Theta (degree)
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CHAPTER 4. SELF-TEMPLATE SYNTHESIS OF ZnS/Ni3S2 AS ADVANCED ELECTRODE MATERIAL FOR HYBRID SUPERCAPACITORS 4.1 Introduction

Based on our previous works, the ZnCoS electrode material, synthesized under optimized conditions (i.e. Zn/Co molar ratio and precipitation temperature) exhibited a good electrochemical performance with a maximum specific capacity of ~624 C g -1 at 1 A g -1 , good rate capability (~81% retention from 1 A g -1 to 20 A g -1 ) and excellent cycling stability (almost no obvious decrease of the capacity at a current density of 20 A g -1 after 6,000 cycles). The results revealed that the incorporation of other elements into the crystal lattice of mono-metal sulfide could be promising for achieving satisfactory supercapacitor performance. Except for Co-based sulfides, Ni-based sulfides also have received extensive attention, because of their high theoretical specific capacity values, rich oxidation states, and cost-effectiveness.

Additionally, the preparation of Ni-based bimetal sulfides/selenides has proven to enhance their electrochemical performance as electrode materials for supercapacitors. Thus, various materials such as Ni3S2@Co9S8 and NiS@NiSe2 [1], Ni3S2@β-NiS [2], Ni3S2-NiS nanowires [3], Ni3S2-Cu1.8S nanosheets [4], hollow Ni3S2-NiS@Ni3S4 core/shell sub-microspheres [5], and Ni3S2-NiS/N-doped graphene [6] have been prepared and investigated as electrodes for supercapacitors.

Unlike nickel sulfides, the preparation of Ni-Zn electrodes has been described only in a few reports [7,8]. Zhao et al. were the first to report the synthesis of ZnS/Ni3S2@Ni composite with a core-shell structure using a two-step method consisting of solution reduction and template method and applied the resulting material for electromagnetic absorption [7]. In a recent report, Li et al. adopted a two-step hydrothermal method to produce cactus-like ZnS/Ni3S2 hybrid with a high electrochemical performance for supercapacitors [8]. The ZnS/Ni3S2 electrode displayed a specific capacitance of 2093 F g -1 at 1 A g -1 and cycling stability of 64% after 5,000 cycles at a current density of 3 A g -1 . Therefore, it is desirable to synthesize Zn-Ni sulfides to achieve good electrochemical energy storage performance. based electrode materials (Table 4-2). Such a desirable performance of the ZnS/Ni3S2 electrode indicates its potential usage for energy storage devices. rGO-Ni3S2 616.0 (1.0 A g -1 ) 92.7 (5k cycles at 5.0 A g -1 ) [30] Ni3S2/carbon nanotube -80 (1k cycles at 3.2 A g -1 )

[31] ZnCo2S4 -95.5 (5k cycles at 4.0 A g -1 )

[21]

ZnS-NiS2 -87 (1k cycles at 5.0 A g -1 )

[32] NiS2 -123.0% (10k cycles at 20.0 Ag -1 ) [33] ZnxNi1-xS/NF -81.5 (4k cycles at 2.0 A g -1 ) [34] ZnS-NiS1.97 696.8 (5.0 A g -1 ) Less 5.5% loss (6k cycles at 10.0 A g -1 ) [18] Co-S-80 -86.5 (1k cycles at 0.5 A g -1 ) [35] ZnS/Ni3S2

ZnS/Ni3S2 -890 (1.0 A g -1 )

64

(5k cycles at 3 A g -1 )

81.7 (6k cycles at 10.0 A g -1 ) [32] Our work EIS analysis is used to investigate the frequency-dependent behavior of ZnS/Ni3S2 electrode materials. Fig. 4.7d depicts Nyquist plots with frequencies of some selected points and the corresponding fitted spectra of ZnS/Ni3S2 electrode. An equivalent circuit, based on reported works [36][37][38][39], and the corresponding calculated circuit parameters are also depicted in Fig. 4-3, respectively. According to the fitted equivalent circuit, the obtained series resistance (Rs), related to the high frequency region>10 4 Hz (intercept at the real axis), is about 1.03 ohm• cm -2 ; the charge-transfer resistance (Rct), related to the depressed-semicircle in the high-to-medium frequency region (10 4 to 1 Hz), is about 1.01 ohm• cm -2 . The appearance of CPE may be attributed to the porosity of the prepared ZnS/Ni3S2 electrode material and the calculated value is about 0.26 sec 1/n /cm 2 (n=0.47) and the faradaic capacitance is found to be 0.13 F/cm 2 . Moreover, in the lower frequency region (< 1 Hz), the inclined line of the Warburg Based on our previous results, bimetal sulfides electrode materials proved to exhibit an enhanced electrochemical performance than mono metal sulfides. In addition, transition metal oxy-hydroxides have also been regarded as one of the most promising electrode materials.

4.7e and Table

Although several valuable studies related to the transition-metal composites (oxides, sulfides or hydroxides) have been reported, little work was focused on employing the composites of transition-metal sulfides and oxides as electrode materials. Therefore, it is expected that the composites of metal sulfides and oxy-hydroxides could offer a much better electrochemical performance.

Recently, there is great interest in using cobalt chalcogenides, antimony trisulfide, or chrome oxide positive electrodes in electrochemical energy storage and conversion devices (supercapacitors, lithium-ion (LIBs) batteries, and sodium-ion batteries), because of their advantages such as high electrical conductivity, high theoretical specific capacity, chemical stability and so on [1][2][3][4][5][6][7][8]. Moreover, Co-, Cr-, or Sb-based composites have been investigated as battery anodes, supercapacitor electrodes, and electrocatalysts [9][10][11][12][13][14][15][16]. Based on these considerations, SbCoS/CrOOH advanced positive electrode material for supercapacitors was prepared via a cost-effective co-precipitation process and anion-exchange.

Preparation of Sb: Cr: Co composites

The synthesis procedure includes the following chemical co-precipitation and ion-exchange processes (Fig. 5.1).

Chemical co-precipitation process: 0.156 mmol of SbCl3, 0.469 mmol of Cr(NO3)3• 9H2O and 0.625 mmol of Co(NO3)2• 6H2O are dissolved in 10 mL ethylene glycol (EG) under strong magnetic stirring. After that, 10 mL of 1 wt% ammonia solution is dropped into the above solution under magnetic stirring for 30 min. The obtained precipitate is rinsed with Milli-Q water until the pH is ~7 and re-dispersed in 42.5 mL aqueous solution containing 400 mg PVP. two shake-up satellites (identified as Sat.). The peaks located at ~777.9 and 793.8 eV are assigned to Co 3+ , and the peaks at ~781.2 and 797.3 eV are attributed to Co 2+ [23][24][25].

Furthermore, the binding energy difference between Co2p3/2 and Co2p1/2 is larger than 15 eV, indicating the co-existence of Co 3+ and Co 2+ in Sb: Cr: Co (1:3:4). The XPS high resolution spectrum of S2p is fitted with two peaks at ~161.5 and 162.7 eV, attributed to S2p3/2 and S2p1/2, respectively (Fig. 5.3e) [15], which are typical of metal-sulfur bonds in the Sb: Cr: Co Cr: Co (0:0:1), particles with different sizes could be observed (Fig. 5.4g). In addition, numerous granular structures seen on the surface of Sb: Cr: Co (1:3:4) particles results in a rougher surface, as compared with that of Sb: Cr: Co (1:0:0). This granular structure on the surface of Sb: Cr: Co (1:3:4) sample is believed to be caused by the introduction of Co and Cr.

Moreover, the rougher surface is also expected to provide more electroactive sites between the active material and the electrolyte.

To confirm the element distribution of prepared Sb: Cr: Co (1:3:4), EDX mapping results evidently identified that Sb, Co, S, Cr, O elements are uniformly distributed throughout the particles, in addition element C caused by stabilizer PVP could also be evidenced (Fig. 5.4i). 91.3 (5k cycles at 10 A g -1 )

[13]

No obvious decrease (6k cycles at 20 A g -1 ) [31] CdS/Nickel Foam (NF) 397 (2.8 A g -1 ) 104 (5k cycles at 14.2 A g -1 )

[32]

Pinecone-like and hierarchical manganese cobalt sulfide (PHMCS)

102. 35 (5.5k cycles at 10 A g -1 )

[33]

Onion-like NiCo2S4 particles 508 (2 A g -1 ) 87 (10k cycles at 10 A g -1 )

[34]

CoS 293 (1 A g -1 ) 91 (1k cycles at 3 A g -1 )

[1]

Sb: Cr: Co (1:3:4) 691 (2 A g -1 )

(6k cycles at 20 A g -1 )

Our work

EIS was further performed for assessing the electrochemical processes at the electrode/electrolyte interface. Furthermore, the stability and coulombic efficiency of the Sb: Cr: Co (1:3:4) electrode at 20 A g -1 for 6,000 cycles are investigated (Fig. 5.6f). It should be noticed that in the first 500 CrOOH, Sb2S3/CoS2/CrOOH). As-prepared materials in this work are used for the investigation of their electrochemical performance and the possibility for practical applications.

In the case of negative electrode materials (rGO, PrGO), the porous structure of PrGO, obtained through pre-oxidation of GO before the reduction process, allows convenient pathways for the transportation of ions and electrons between the active material and electrolyte and provides efficient and fast ion diffusion. Therefore, the PrGO electrode achieved a much higher specific capacitance value (~271 F g -1 at 0.5 A g -1 ), compared with that of rGO (~62 F g -1 at 0.5 A g -1 ) electrode and PF-9 (~75 F g -1 at 0.5 A g -1 ).

In the case of positive electrode materials, composites, and multi-metal compounds ((CoS, CoS/carbonaceous (rGO or PF-9), ZnS, ZnCoS, ZnS/Ni3S2, Sb2S3, CoS2, CrOOH, Sb2S3/CoS2/CrOOH)) were prepared and their electrochemical performance was investigated, respectively. Among them, CoS/ carbonaceous (rGO, PF-9) composite materials displayed an enhanced specific capacity (~275 C g -1 at 0.5 A g -1 for CoS/PF-9, ~243 C g -1 at 0.5 A g -1 for

CoS/rGO), as compared to CoS (~161 C g -1 at 0.5 A g -1 ). Furthermore, bi-metal sulfides (ZnCoS, ZnS/Ni3S2) were synthesized and their electrochemical performance was assessed, respectively.

The fabricated bi-metal sulfides electrodes exhibit remarkable electrochemical performance Hg/HgO reference electrode and platinum counter electrode were obtained from China.

The water used throughout the experiments in this thesis is purified with a Milli-Q system from Millipore Co. (resistivity=18 MΩ.cm)

Preparation of working electrode

All materials prepared in this manuscript are powders, and all active materials are coated on the surface of nickel foam substrate.

The working electrodes are prepared as following:

① The active electrode material and carbon black (conducting agent) were mixed at a mass ratio of 7:2;

② Prepare a homogeneous mixture (active material, carbon black and ethanol) by sonication for 1 h; ③ Dry the above solution in the oven (80℃); X-ray photoelectron spectroscopy experiments were performed on a PHI 5000 VersaProbe-Scanning ESCA Microprobe (ULVAC-PHI, Japan/USA) instrument at a base pressure below 5×10 -9 mbar. Monochromatic AlKɑ radiation was used and the X-ray beam, focused to a diameter of 100 μm, was scanned on a 250 × 250 μm surface, at an operating power of 25 W (15 kV). Photoelectron survey spectra were acquired using a hemispherical analyzer at pass energy of 117.4 eV with a 0.4 eV energy step. Core-level spectra were acquired at pass energy of 23.5 eV with a 0.1 eV energy step. All spectra were recorded with 90° between X-ray source and analyzer and with the use of low energy electrons and low energy argon ions for charge neutralization. After subtraction of the linear-type background, the core-level spectra were decomposed into their components with mixed Gaussian-Lorentzian (30:70) shape lines using the CasaXPS software. Quantification calculations were performed using sensitivity factors supplied by PHI.

Raman spectroscopy

Micro-Raman spectroscopy measurements were performed on a Horiba Jobin Yvon LabRam HR Micro-Raman system combined with a 473-nm laser diode as excitation source.

Visible light was focused by a 100× objective. The scattered light was collected by the same objective in backscattering configuration, dispersed by a 1800-mm focal length monochromator and detected by a CCD.

Samples were prepared by casting 50 µL aqueous or ethanol suspension of PF-9 or CoS/PF-9 composite on a clean silicon wafer or ITO surface followed by drying in an oven at 80° C to remove the solvent.

Scanning electron microscopy (SEM)

SEM images were obtained using an electron microscope ULTRA55 (Zeiss) equipped with a thermal field emission emitter and three different detectors (EsB detector with filter grid, highefficiency In-lens SE detector, Everhart-Thornley secondary electron detector).

Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

The amount of cobalt and zinc in prepared (Zn: Co)S samples was determined with a Varian (liberty II axial view) inductively coupled plasma-atomic emission spectrometer (ICP-AES); the wavelength and detection limit for cobalt were 228.616 nm and 7 μg L -1 , respectively; and the wavelength and detection limit for zinc were 213.856 nm and 2 μg L -1 , respectively. The spectrometer was equipped with a pneumatic V-groove nebulizer and Sturmun-Master inert PTFE spray chamber. Sample solutions were driven through columns of resin by means of a multi-channel Gilson peri-staltic pump equipped with 2.28 mm i.d. tubing. Teflon tubing, polyethylene bottles, and a pH meter (WTW) with glass electrode were also used.

Brunauer-Emmett-Teller (BET)

For the BET specific surface area (SSA) analyses, low-pressure volumetric gas adsorption measurements were recorded at 77 K and maintained by a liquid-nitrogen bath on a Quantachrome Quadrasorb automatic volumetric instrument. The pore diameter distribution was calculated by using the Barrett-Joyner-Halenda (BJH) model.

Transmission electron microscopy (TEM)

TEM images were recorded on a FEI, TECNAI G2 F20 instrument. Samples were prepared by dispersing the material in ethanol (0.2 mg mL -1 ) and then 5 µL of this solution was drop coated on a 200 mesh Cu grid for the high-resolution transmission electron microscopy (HR-TEM) analysis.

Electrochemical measurements

The supercapacitor performance of prepared electrode materials was investigated using a three-electrode system consisting of prepared electrode materials as the working electrode, Hg/HgO as the reference electrode, and platinum foil as the counter electrode. 2M KOH was used as the electrolyte. The cyclic voltammetry (CV) tests were performed using the ModuLab-MTS electrochemical Test Station (Solartron, France). The Galvanostatic charge/discharge (GCD) and electrochemical impedance spectroscopy (EIS) measurements were acquired with an Autolab Galvanostat-Potentiostat instrument between 10 kHz and 0.01 Hz. To ensure that the tested electrodes are completely wetted, each electrode is pre-cycled in the chosen electrolyte through CV tests for hundreds of cycles.

Three-electrode system

The specific capacity (C) was calculated by integrating the area under the CV curves using the following equation:

M is the mass of active material (g), ν is the scan rate (V s -1 ), VU and VL are the upper and lower voltage limits (V), and I is the current (A).

The specific capacitance (C) was determined by integrating the area under the CV curves using the following equation:

M is the mass of active material (g), ν is the scan rate (V s -1 ), VU and VL are the upper and lower voltage limits (V), and I is the current (A).

The specific capacitance (C) was in addition calculated from the GCD curves using the following equation:

Where I/M stands for the current density (A g -1 ), Δt and Δν is the time and potential of the discharge curve in the GCD curves.

Two electrode system

The energy density (Ed) and power density (Pd) are also two important parameters to check the performance of supercapacitors. The values of E and P of the fabricated ASC cells were calculated by the following equations:

Ed stands for energy density (Wh kg -1 ), I/M is the current density applied to the two electrode system (A g -1 ), is the integral area of the discharging curve.

Pd stands for power density (W kg -1 ), Ed stands for energy density (Wh kg -1 ), t stands for the discharging time of the GCD curves (s).