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Abstract 

The developments in mobile/portable electronics and alternative energy 

vehicles prompted engineers and researchers to develop electrochemical energy 

storage devices called supercapacitors, as the third-generation type capacitors. 

Most of the research and development on supercapacitors focus on electrode 

materials, electrolytes, and hybridization. Some attempts have been directed 

towards increasing the energy density by employing electroactive materials, such 

as metal oxides and conducting polymers. However, the high cost and toxicity of 

applicable metal oxides and poor long-term stability of the conducting polymers 

paved the way for alternative electrode materials. The electroactive materials with 

carbon particles in composites have been used substantially to improve the 

stability of supercapacitors. Furthermore, the use of carbon particles and metal 

oxides could significantly increase the energy density of supercapacitor 

electrodes compared to metal oxides. Recent developments in carbon materials, 

such as carbon nanotubes (CNTs), activated carbon, reduced graphene oxide, and 

graphene, have found applications in supercapacitors because of their enhanced 

double-layer capacitance due to the large surface area, electrochemical stability, 

and excellent mechanical and thermal properties. 

Several approaches have been used to develop binder-free supercapacitor 

hybrid electrode materials, such as electrochemical deposition, chemical bath 

deposition, chemical vapor deposition, and the sol-gel method. These approaches 

have been shown some drawbacks, such as complicated processes, long processes 

time, expensive equipment, high vacuum, volatile precursors and toxic chemicals. 

On the contrary, the nanoparticle deposition system (NPDS) offers low vacuum, 

room temperature, eco-friendly, and binder-free deposition method. 

The main objective of this thesis is to study the deposition of some 

electroactive materials using the NPDS technique. Promising electroactive 

materials, such as few-layer graphene nano-flakes, molybdenum disulfide, nickel 
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hydroxide, and graphene-based composites have been selected to be deposited by 

the NPDS. The deposition was carried out with different deposition parameters, 

and different contents of the electroactive materials. By studying the structural 

and electrochemical performance of these materials, we have established a 

complete set of deep understandings on the concepts, structures at varying 

lengthy scales and electrochemical performance. 

The research carried out in this thesis are briefly summarized as follows: 

(1) The effect of the deposition parameters on the formation of few-layer

graphene nano-flakes and their related electrochemical performance are

examined by changing the scan speed of the deposition. The faster scan

speed of deposition shows higher degree of fragmentation and better

electrochemical performance. The electrochemical performance of the

few-layer graphene nano-flakes symmetric supercapacitor was further

improved by increasing the different electrolytes concentration.

(2) The influence of MoS2 content on the electrochemical performance of

MoS2-graphite hybrid electrode is studied. The MoS2-graphite hybrid

electrode deposited with 5, 10, 15, 20, 25 and 30% wt. of MoS2 by the

NPDS on stainless-steel substrates. The capacitance of the MoS2-graphite

hybrid electrodes based symmetric supercapacitor demonstrates maximum

areal capacitance at 15% of MoS2 content used in the deposition (5.1 mF

cm-2 @ 2 mV s-1).

(3) Ni(OH)2 deposited by the NPDS on nickel sheets and nickel foam. The

structural and electrochemical performance of the Ni(OH)2 deposited with

different parameters on nickel sheets are compared. The deposited Ni(OH)2

on nickel sheets with 5 mm SoD and 0.3 MPa carrier gas pressure

demonstrates better electrochemical performance. The Ni(OH)2 deposition

on nickel foam with 5 mm SoD and 0.3 MPa showed superior specific

capacitance (2092 F g-1 @ 1 A g-1) and good cyclic stability.
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(4) The effect of Ni(OH)2 content in Ni(OH)2-graphene hybrid electrodes on

the electrochemical performance is examined. Ni(OH)2 and graphite

powders is mixed with 20, 40, 60, and 80% wt. of Ni(OH)2 and deposited

on nickel foam substrate. The structural and electrochemical performance

of the Ni(OH)2-graphene hybrids is investigated. The Ni(OH)2-graphene

hybrids demonstrates a maximum specific capacitance at 10% the content

of the Ni(OH)2 in the hybrid electrode. An asymmetric supercapacitor is

fabricated based on 10% Ni(OH)2-graphene hybrid electrodes as a positive

electrode and rGO as a negative electrode. The Ni(OH)2-Gr//rGO ASC

displays an energy density of 64 W h kg-1 and a high power density of 8230

W kg-1.
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1.1 Background 

Due to climate change and the fast development of the global economy, 

energy has become a primary focus in the scientific and industrial communities. 

With concerns about environmental pollution, increasing mining costs and the 

depletion of fossil fuel, there is an urgent need for an efficient, clean and 

renewable energy source, and energy storage technique[1].  

Although great efforts have been made on the development of high-

performance Li-ion batteries and fuel cells[2-4], the poor power capability and 

high maintenance cost have kept them away from many applications. Recently, 

supercapacitors have drawn great attention because of their high charge-discharge 

rate, long life cycle, outstanding power density and no short circuit concern that 

are of concern with current batteries or fuel cells. Supercapacitors, also known as 

ultracapacitors or electrochemical capacitors, store energy with an electric double 

layer (EDL) capacitance achieved by ion adsorption or pseudocapacitance 

dominated by a surface redox reaction. Pseudocapacitors with conducting 

polymers or metal oxides as an electrode material, although demonstrating high 

capacitive performance, but cannot maintain this performance after prolonged 

cycling. On the other hand, EDL capacitors can be charged and discharged as 

many as one million cycles without performance degradation[5]. Furthermore, 

ion transportation is faster than a redox reaction, resulting in a high charge-

discharge rate and power density in EDL capacitors. Currently, the energy density 

of EDL capacitors is generally 3-5 Wh/kg, which is one order of magnitude below 

commercialized lithium-ion batteries (100-275 Wh/kg)[6, 7]. Thus, increasing 

the energy capacity with minimum sacrifice of power density is now a major topic 

in supercapacitor research. Currently, the three major commercialized energy 

storage devices are capacitors, batteries and fuel cells. 

The Ragone chart shown in Figure 1 is a standard method to visualize the 

energy storage performance of various devices[8]. The dash lines indicate the 
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time required to charge or discharge the device. From the chart, we can see that 

compared with batteries or fuel cells, conventional capacitors have very high-

power density, but relatively low energy density. It means that a conventional 

capacitor can be charged or discharged very quickly and generate high power, but 

it cannot storage much energy in unit mass or volume. On the other hand, batteries 

and fuel cells can store more energy but have a poor dynamic performance. 

Supercapacitors store more power than a battery and more energy than a 

capacitor. It means that supercapacitors can be charged or discharged very fast 

and maintain reasonable energy stored per unit mass. For this reason, it brings 

significant benefits in peak-power delivery applications, like regenerative 

braking, electric vehicle acceleration, and uninterruptible power supply.  

Figure 1 Ragone plot for various energy storage devices[8]. 
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Besides bridging the power gap between capacitors and batteries, 

supercapacitors also hold many other desirable properties that make them a 

promising candidate for the next-generation energy storage device. The charge 

storing mechanism is a physical process without any chemical or phase change 

so that it is highly reversible and can be repeated for a large number of charge-

discharge cycles, up to 1 million times[9, 10]. Also, they can be operated over a 

wide temperature range.  

1.2 Types of Supercapacitors 

There are three representative types of supercapacitors: (1) the electric 

double-layer capacitor (EDLC), (2) the pseudocapacitors, and (3) hybrid 

supercapacitors as shown in Figure 2.  

Figure 2 Taxonomy of supercapacitors. 
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1.2.1 Electric double-layer capacitance 

EDL capacitors utilize the electric double layer to store charge. Various 

models were developed to illustrate the EDL charge distribution, as shown in 

Figure 3 [11]. Since typical electrolyte solvents used in supercapacitors are polar 

protic solvents (e.g. water and alcohols), so the cations are highly solvated, but 

the anions are not. The earliest model was reported by von Helmholtz in the 19th 

century in his research regarding the distribution of opposite charges at the 

interface of colloidal particles[12]. The Helmholtz model treats the EDL as a 

simple capacitor that two layers of opposite charges form at the interface of 

electrode and electrolyte separated from a distance. So, at the positively charged 

side, a layer of anions is adsorbed at the surface forming a linear electric potential 

profile. Unfortunately, this model does not consider the adsorption of water 

molecules and counter ions. Therefore, in the early 1900s, it was further modified 

simultaneously by Gouy and Chapman[13, 14] who have proposed that the 

distribution of electrolyte ions in the electrolyte medium is due to the thermal 

motion, named as a diffusion layer. The Gouy-Chapman model overestimates the 

EDL capacitance. It assumes that ions act like point charges and there is no 

physical limitation for ions’ approach to the surface, which is not true. The 

capacitance of two separated arrays of charges is inversely proportional to the 

separation distance, so an extremely high capacitance would occur when point 

charge ions are close to the surface which does not meet with the actual case. 
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Figure 3 Schematic representation of electrical double layer structures 
according to (a) the Helmholtz model, (b) the Gouy-Chapman model, and (c) 

the Gouy-Chapman-Stern model[11]. 

So, in 1924, Stern[15] developed an alternate theory by combining the 

Helmholtz and Gouy–Chapman models, which explained the existence of two 

layers of ion distribution. The first layer is called a compact layer or the Stern 

layer or Helmholtz layer. It is formed by adsorbed ions and non-specifically 

adsorbed counter ions on the electrode, and these two types of adsorbed ions are 

distinguished as the inner Helmholtz plane (IHP) and outer Helmholtz plane 

(OHP). The second layer is called the diffusion layer, which is the same as what 

the Gouy–Chapman model described. So, total capacitance (Ct) is built up by both 

the layers, i.e., compact layer (Helmholtz layer) and the diffusion layer. The 

stored capacitance is termed as compact/Helmholtz double-layer capacitance 

(CH) and diffusion layer capacitance (Cdiff). So, the total capacitance can be 

expressed as follows[2, 4, 16]: 

1
𝐶𝐶𝑡𝑡

=
1
𝐶𝐶𝐻𝐻

+
1

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
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1.2.2 Pseudocapacitance 

Pseudocapacitors store energy through a faradaic reaction at the interface 

between electrode and electrolyte. These faradaic reactions include 

electrosorption, redox reactions and intercalation processes[17, 18]. To further 

improve the specific capacitance of the electrode, pseudocapacitive electrode 

materials like conducting polymers or metal oxides were utilized to make 

pseudocapacitors or added to the carbon-based materials to generate hybrid 

supercapacitors. 

1.2.3. Hybrid 

As we have seen EDLCs offer good cyclic stability, good power 

performance while in the case of pseudocapacitance it offers greater specific 

capacitance. In the case of the hybrid system, it offers a combination of both, that 

is by combining the energy source of a battery-like electrode, with a power source 

of a capacitor-like electrode in the same cell[19]. With a correct electrode 

combination, it is possible to increase the cell voltage, which in turn leads to an 

improvement in energy and power densities. Several combinations have been 

tested in the past with both positive and negative electrodes in aqueous and 

inorganic electrolytes. Generally, the faradic electrode results in an increase of 

energy density at the cost of cyclic stability, which is the main drawback of hybrid 

devices compared to EDLCs, it is imperative to avoid turning a good 

supercapacitor into an ordinary battery[20]. Currently, researchers have focused 

on the three different types of hybrid supercapacitors, which can be distinguished 

by their electrode configurations: Composite, Asymmetric, and Battery-type.  

1.2.3.1 Composite 

Composite electrodes combine carbon-based materials with either metal 

oxides or conducting polymer in a single electrode, this means a single electrode 
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will have both physical and chemical charge storage mechanisms. Carbon-based 

materials offer capacitive double-layer of charge and high specific surface area 

which increases the contact between pseudocapacitive materials and electrolytes. 

Through Faradaic reaction, pseudocapacitive material increases capacitance in 

composite electrode[21, 22]. Currently, there are two different types of 

composites: Binary and Ternary composites. Binary composites involve the use 

of two different electrode materials, while in the case of ternary it uses three 

different electrode materials to form a single electrode.  

1.2.3.2 Asymmetric 

Asymmetric hybrids combine faradic and non-faradic processes by 

coupling and EDLC with a pseudocapacitor electrode. The configuration of the 

asymmetric hybrid supercapacitor is arranged in such that the carbon material is 

used as a negative electrode while the metal oxide or conducting polymer as a 

positive electrode. The asymmetric hybrid supercapacitor achieves higher energy 

and power density than the EDLCs, and it has better cyclic stability than the 

pseudocapacitors[23-25].  

1.2.3.3 Battery Type 

Similar to an asymmetric hybrid supercapacitor, battery type hybrid 

combines two different electrodes, but in this case, they are fabricated by 

combining a supercapacitor electrode with a battery electrode. The battery type 

hybrid utilizes both properties of supercapacitors and batteries such as high 

energy density and long cyclic stability and short recharging time[26-30]. 
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1.3 Electrode Materials 

1.3.1 Activated carbon 

Activated carbon (AC) is widely used as an electrode material in ELDCs 

due to its large surface area, good electrical conductivity, and low cost[31]. 

Several researches reported that there is a direct relation between the surface area 

of the AC and the capacitance, but the contribution of the surface area contribute 

to the capacitance is limited. This limitation is caused by too large electrolyte ions 

cannot diffuse into smaller pores and preventing these pores from the contribution 

to the capacitance[32-34]. Additionally, excessive activation results in large pore 

volume, which in turn leads to drawbacks like low conductivity and material 

density, which will lead to a low energy density and loss of power capability. 

Efforts have been made to see the effect of different electrolytes on the 

capacitance performance of AC. It was observed that the capacitance of AC is 

higher in aqueous electrolytes (ranging from 100 F/g to 300 F/g) as compared to 

organic electrolytes (<150 F/g)[35]. 

1.3.2 Carbon nanotubes (CNTs) 

CNTs have a great as EDLCs electrode material due to its unique pore 

structure, good mechanical and thermal stability and superior electrical 

properties[36, 37]. Unlike other carbon-based electrodes, the mesopores in 

carbon nanotube electrodes are interconnected, allowing a continuous charge 

distribution that uses almost all of the available surface area. Thus, the surface 

area is utilized more efficiently to achieve capacitances comparable to those in 

activated-carbon-based supercapacitors, even though carbon nanotube electrodes 

have a modest surface area compared to activated carbon electrodes[37, 38].  

Because the electrolyte ions can more easily diffuse into the mesoporous 

network, 
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carbon nanotube electrodes also have a lower ESR than activated carbon[39-41]. 

In addition, several fabrication techniques have been developed to reduce the 

ESR even further. Especially, carbon nanotubes can be grown directly onto the 

current collectors, subjected to heat-treatment, or cast into colloidal suspension 

thin films[40, 41]. The efficiency of the entangled mat structure allows energy 

densities comparable to other carbon-based materials and the reduced ESR allows 

higher power densities. 

1.3.3 Graphene 

Graphene is a 2D plane of sp2 bonded carbon atoms, organized in a 

honeycomb lattice. There are two reasons why graphene is a particularly suitable 

material for storage devices. The first reason is that graphene has good electrical 

conductivity. The electrical conductivity is a result of graphene’s unique 

electronic properties, which include a massless Dirac fermion, an ambipolar 

electric field effect, and an extremely high carrier mobility[42]. These properties 

arise from the unique electronic band structure of graphene, which is considered 

a zero-gap conductor[43]. Moreover, due to the high quality of its 2D crystal 

structure, graphene exhibits fast transport properties, which also results in a low 

defect density, allowing graphene to behave like a metal with a high constant 

mobility[44]. The second reason for graphene’s suitability for electronic storage 

is its high surface area. The theoretical calculation of the specific surface area of 

graphene yields a value of 2630 m2/g. This is a high specific surface area even 

compared with the graphite (~10 m2/g)[5] or CNTs (1315 m2/g)[45]. These 

advantages make the graphene and their composites suitable for supercapacitor 

application. So far, a variety of methods have been developed to synthesis 

graphene. Among them, the impressive approaches include mechanical 

exfoliation of graphite[46], chemical vapor deposition of monolayer 

graphene[47], epitaxial growth on SiC substrate[48], unzipping of CNT[49] and 

so on. Generally, those methods can be classified into two routes: the top-down 
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and bottom-up approaches. Bottom-up methods can produce high-quality 

monolayer graphene, while top-down such as chemical exfoliation methods are 

described to give the highest throughput of graphene with trade-off like layer 

restacking and conductivity degradation. Some studies showed that the specific 

capacitance of graphene supercapacitor is 135 F/g in aqueous potassium 

hydroxide and 99 F/g in an organic electrolyte which still falls far below the 

theoretical value of 550 F/g calculated for single-layer graphene[50]. Overall, 

graphene undergoes the restacking or reattachment problems during 

electrochemical process, which is a main limitation for commercialization. The 

restacking or reattachment of graphene sheet is due to the π–π interaction and 

strong van der Waals force of attraction that exists between the graphene layers. 

Recently, researchers are finding different ways to inhibit the restacking of 

graphene layers like (i) hybrid composites and (ii) doping of graphene with 

heteroatom. 

1.3.4 Metal Oxides 

Many transition metal oxides thin film including ruthenium oxide, iridium 

oxide, manganese oxide, cobalt oxide, nickel oxide, tin oxide, iron oxide, 

perovskites, ferrites etc. have been investigated as electrode material for 

pseudocapacitors. Because of the cost consideration, inexpensive metal oxides 

with good capacitive values attracted considerable attention. Unlike the 

asymmetric cyclic voltammetry curves of conducting polymers with current 

peaks at the respective redox potentials, the CV curves of metal oxides like RuO2 

and IrO2 electrodes have a near rectangular shape, as is expected for ideal 

capacitors. Hydrous forms of RuO2 have been studied intensively for 

supercapacitors because of the high theoretical specific capacitance limit of 1358 

F/g and electrical conductivity 300 S/cm[51]. Experimental specific capacitance 

up to 750 F/g and 800-1200 F/g were reported for electrodeposited RuO2 and 

hydrous RuO2 /carbon composites[51, 52]. The major disadvantage of metal 
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oxides is the low operating voltage. Materials like RuO2 and IrO2 can only be 

applied with aqueous electrolytes which set the voltage around 1V. Previously, 

RuO2 electrode in H2SO4 electrolyte showed a maximum potential range of 

1.4V[53].  

1.3.5 Conducting Polymers 

Conducting polymers, such as polyaniline (PANI), polypyrrole (PPy), 

poly-(3,4-ethylenedioxythiophene) (PEDOT) and derivatives of polythiophene, 

have a relatively higher capacitance and conductivity than carbon-based 

materials. Conducting polymers can store energy with not only EDL but also 

rapid faradic charge transfer. In general, conducting polymers are more 

conductive than the inorganic battery materials leading to a larger power 

capability. Moreover, the low ESR and manufacturing cost attracted a lot of 

interest into related research. However, conducting polymers are experiencing 

much lower cycle life than carbon electrodes because the redox sites in 

conducting polymer backbone are not sufficiently stable. The structure of 

polymer has a critical impact on the electrochemical performance by affecting the 

ion mobility and accessibility of pores. Thus, the design of polymer structure is 

important to get high charge storage efficiency and stability. Poly(Tri(4-

(Thiophen-2-yl)Phenyl)Amine) (pTTPA) deposited into highly porous films or 

template nanotube structures yielded a remarkably high capacitance of 950 F/g in 

100 mM tetrabutylammonium tetrafluoroborate in acetonitrile[54]. 

Graphene/CNT/PANI composites prepared via in situ polymerization exhibited 

the specific capacitance of 1035 F/g in 6M of KOH much higher than pure PANI 

capacitance[55]. Also improved cycle stability was observed in those composites, 

because graphene and CNT play a great role of backbone to generate a 

homogenous polymer distribution. It is known that conducting polymers are 

mechanically weak, so the composites can preserve the polymer from mechanical 

breaking in the long cycling[19]. 
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1.4 Electrolytes 

The key to reach high capacitance is using electrodes with high surface 

area and electrical conductivity. However, further researches reveal that even 

with high surface area materials, the device performance depends on the 

electrolyte as well. The performance of supercapacitors can be adjusted 

apparently by applying suitable electrolytes. There are three types of electrolytes 

used in the supercapacitor research: aqueous electrolyte, organic electrolyte and 

ionic liquid. Aqueous electrolytes such as KOH, NaOH and H2SO4 have smaller 

ion size that can utilize more surface area. The conductivities of acid and alkaline 

solutions are advantageously high owing to the proton transport resulting in a low 

ESR and high-power capability. However, the decomposition voltage of aqueous 

electrolyte is theoretically 1.23V or practically 1.3-1.4 V in kinetic terms[56]. 

Another concern of aqueous electrolyte is the corrosion nature of the acid or 

alkaline solution that may damage the electrode or other components of the 

device, leaving problems like reliability and self-discharge. Then, non-aqueous 

electrolytes were employed to break through the potential limit. Organic 

electrolytes, such as tetraethylammonium tetrafluoroborate and triethylme-

thylammonium tetrafluoroborate in acetonitrile, have been studied in 

supercapacitor with a relatively high potential window around 2-2.5 V. But the 

large organic solvent molecules set higher requirement of pore size of electrodes. 

And the drawbacks like electrolyte depletion upon charge and low safety also 

limit the use of organic electrolytes[57]. Ionic liquids, on the other hand, have a 

maximum operating voltage about 4-4.5V as well as a moderate ion size. AC 

supercapacitor cells filled with N-butyl-N-methylpyrrolidinium 

bis(trifluoromethanesulfonyl)imide (PYR14TFSI) ionic liquid demonstrated a 

high cycling stability for 40000 cycles and a high stable specific capacitance of 

60 F/g[58]. Hence, the choice of electrolyte depends on reliability and 

performance requirements of each application of supercapacitors. To choose 



14 

between aqueous electrolyte, organic electrolyte and ionic liquid, we need to 

consider the tradeoffs between operating voltage range, specific capacitance and 

ESR or power density.  

Conventional supercapacitors with liquid electrolytes consist of a separator 

as isolation between electrodes. But there is also a trend of using solid electrolytes 

like poly(vinyl alcohol) (PVA)-H3PO4 polymer gelled electrolyte. The use of 

those solid electrolytes results in a simplified fabrication process with no need for 

separator and no possible leakage of dangerous electrolyte.  

1.5 Separators 

A separator works as isolation for the two electrodes to prevent the 

combination of ions of opposite charge. For this purpose, the separators should 

be ideal insulator like with high resistance. The thickness of separator would 

determine the capacitance value the device can achieve. Ideally, it should be very 

thin in range of tens of microns. To maintain a low ESR, the separator should be 

very porous, and the pore size should be adjusted properly, so that the ions could 

be capable to diffuse across separator freely. Furthermore, they should be 

mechanically strong and chemically inert to protect the stability and conductivity 

of the electrolyte. The common separators used in research devices are nonwoven 

polypropylene (PP) membrane with a porosity of 40-60%. 

1.6 Fabrication Methods of Electrode Materials  

There are several synthesis methods of supercapacitors electrode materials. 

These methods include electrochemical deposition, chemical bath deposition, 

chemical vapor deposition and the sol-gel method. 
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1.6.1 Electrochemical deposition 

Electrochemical deposition or electrodeposition is simple and economic 

coating method for metals and metal oxides on conductive substrate. 

Electrodeposition enables production of a uniform film on the conductive 

substrates with complex shape, while one can precisely control the film thickness 

by tuning the electrical charge delivered during the electrolysis. In 

electrodeposition method, a three-electrode configuration is used to deposit 

supercapacitor material as in Figure 4. The substrate is connected to the working 

electrode (WE), a platinum foil or carbon rod is used as a counter electrode (CE), 

and Ag/AgCl can be used a reference electrode (RE). The electrodeposition 

method has been used to deposit manganese oxide (MnO2) of specific capacitance 

364 F/g at 10 mV/s[59]. Also, RuO2 has been deposited by the electrodeposition 

method and demonstrated a specific capacitance of 788 F/g[60]. 

Electrodeposition has also been employed to deposit conducting polymers such 

as PANI, which showed a specific capacitance of 437 F/g in 0.5 M H2SO4 at a 

scan rate of 10 mV/s[61]. 
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Figure 4 Scheme of electrochemical deposition technique. 

Electrodeposition has many advantages, such as precise control of the 

thickness and uniformity, low cost, and mass production. However, it is time-

consuming process, and process parameters must be optimized for each 

workpiece to obtain uniform thickness. Environmental concerns also arise from 

the process such as the acidic, alkaline, and cyanide discharge[62].  

1.6.2 Chemical bath deposition (CBD) 

Chemical bath deposition (CBD) is a low temperature technique that 

allows for relatively inexpensive deposition of material on large-scale 

substrates[63]. The CBD method involves the direct deposition of a material from 

a solution medium without the application of current or voltage. CBD occurs on 

a substrate immersed in a solution by means of a reaction from the solution 

containing different precursors dissolved either in ionic or molecular form. These 
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react chemically on the substrate, resulting in film formation by nucleation. 

Recently, a specific capacitance of 753 F/g at a scan rate of 5 mV/s in 

0.5 M H2SO4 solution for PANI thin films which have been deposited by 

microwave assisted CBD[64]. The CBD method has also been used to synthesize 

ruthenium oxide (RuO2) for supercapacitor electrodes. Thin films 

of RuO2 synthesized by room temperature liquid phase CBD have been reported 

to exhibit a specific capacitance of greater than 400 F/g at a scan rate 

of 5 mV/s in 0.5 M H2SO4[60]. 

The advantages of the CBD are that the relatively low cost, large substrate 

area, and low temperature processing of CBD, another advantage is its relative 

simplicity, especially when compared to electrodeposition. However, the 

flexibility of the CBD method has been limited due to insufficient fundamental 

understanding and control of the underlying chemistry[65]. Another disadvantage 

of CBD is the low material yield for film formation[66].  

1.6.3 Chemical vapor deposition (CVD) 

The chemical vapor deposition (CVD) is a widely used processing 

technology to produce thin films. CVD process is achieved by exposing the 

heated substrate to appropriate gaseous reactants in the deposition chamber, as in 

Figure 5. The precursors undergo reaction or decomposition on the surface of the 

substrate and form the desired solid thin film or powder. Any volatile precursors 

produced during the process are removed by gas flow through the chamber. CVD 

has several advantages as a method for depositing thin films. One of the primary 

advantages is that CVD films are generally quite conformal, i.e., that the film 

thickness on the sidewalls of features is comparable to the thickness on the top. 

This means that films can be applied to elaborately shaped pieces, including the 

insides and undersides of features, and that high-aspect ratio holes and other 

features can be completely filled. Another advantage of CVD is that, in addition 
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to the wide variety of materials that can be deposited, they can be deposited with 

very high purity. This results from the relative ease with which impurities are 

removed from gaseous precursors using distillation techniques. Other advantages 

include relatively high deposition rates, and the fact that CVD often doesn’t 

require as high a vacuum. CVD also has several disadvantages. One of the 

disadvantages, the precursors need to be volatile at near-room temperatures. CVD 

precursors can also be highly toxic (Ni(CO)4), explosive (B2H6), or corrosive 

(SiCl4). The byproducts of CVD reactions can also be hazardous (CO, H2, or HF). 

The other major disadvantage is the fact that the films are usually deposited at 

high temperatures. This puts some restrictions on the kind of substrates that can 

be coated. More importantly, it leads to stresses in films deposited on materials 

with different thermal expansion coefficients, which can cause mechanical 

instabilities in the deposited films. The CVD method has been used to synthesize 

multiwalled carbon nanotubes and has been employed in flexible supercapacitor 

electrodes[67]. The CVD method also allows the synthesis of graphene-type 

materials. Three-dimensional networks of graphene have been prepared by CVD 

using ethanol as a carbon source[68]. These networks have been used a templates 

to make grapheme/metal oxide composite supercapacitor electrodes showing 

specific capacitance of 816  F/g at a scan rate of 5  mV/s. Graphitic nanofibers 

have also been deposited by the CVD process for supercapacitor applications[69]. 
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Figure 5 Schematic diagram of CVD. 

1.6.4 Sol-gel 

Sol-gel is a method used to form solid thin films, which involves 

preparation of a solution followed by its gelation and removal of the solvent[1]. 

The main advantages of the sol–gel process over conventional processes is that 

(i) better chemical homogeneity in multicomponent systems; (ii) relatively low

sintering temperatures due to high surface area of the product; (iii) ability to

maintain relatively high chemical purity as the processes of grinding, pressing

etc. are not involved; and (iv) versatility to produce a variety of products in the

form of monoliths, fibers, particles, coatings[70]. Disadvantages of sol-gel

processes include the cost of the raw materials (especially alkoxide precursors),

shrinkage of films during drying and sintering, and the fact that they are time

consuming. One well-known application of a sol-gel process is thin-film coating,

which benefits from most of the advantages of sol-gel processes while avoiding

the disadvantages[71-73]. The sol-gel technique has been employed to synthesize
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electrode materials for supercapacitors. For example, carbon aerogels are 

obtained from the carbonization of organic aerogels[74]. Other materials, such as 

high-surface area carbon-ruthenium xerogels, have also been derived from sol-

gel methods and used to make electrodes with a specific capacitance of 256 F/g in 

carbon–metal oxide supercapacitors[75]. Among other materials, tin dioxide 

(SnO2) nanocrystallites doped with antimony were synthesized by a sol-gel 

process and employed in SnO2 based supercapacitors[76]. Amorphous hydrous 

ruthenium oxide/active carbon was prepared by a sol-gel based procedure and a 

specific capacitance of up to 715 F/g was obtained[77]. Amorphous manganese 

dioxide (MnO2) made by the sol-gel method by reducing sodium permanganate 

(NaMnO4) with solid fumaric acid has been employed as an electrode 

material[78]. 

1.7 Nano-Particle Deposition System (NPDS) 

The nano-particle deposition system (NPDS) was developed in 2008 by 

Chun et al.[79-81]. NPDS was used to deposit nano/micro-sized ceramic and 

metal particles with sizes from 100 nm to 100 μm under room temperature and 

low-vacuum conditions. The deposition on several substrate types was reported 

by the NPDS such as metal, ceramic, polymer and paper substrates. Table 1 

summarize the previous deposited materials and substrates. Also, no need for 

post-processes for the thin film deposited by the NPDS, so that the NPDS is 

considered low-cost and simple thin film deposition method. The NPDS has been 

used for some application including dye-sensitized solar cell (DSSC) and 

Electrochromic Device (ECD)[82, 83].  
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Table 1 Deposited materials using NPDS. 

Deposited material Substrate material Ref. 

Metal 

Ni Si Wafer [84] 

Sn 

PCB, PET, PP [85] 

Glass, Sapphire [85, 86] 

Paper [85] 

Ceramic 

TiO2 

Cu, Al, Stainless steel [79] 

ITO-Coated glass [82] 

PET, PE, ITO-Coated PET [80, 87] 

Al2O3 
Cu, Al [88] 

Si Wafer, Sapphire [89] 

WO3 FTO and ITO glasses [83] 

NiO Si, Ni-coated Si, and FTO-coated glass [90] 

2D 

materials 

Graphene 
Cu, Stainless steel 

[91, 92] Glass, Sapphire 

Graphite PET 

Figure 6 shows the schematic diagram of the NPDS. The NPDS comprised 

of an air compressor, powder feeder, nozzle, vacuum chamber, vacuum pump, 

and controller. The air compressor supplies compressed air as carrier gas to move 

micro-sized powders from the powder feeder to the nozzle. The power feeder 

controls the powders feeding rate by piston movement and brush. The powder 

was accelerated through a rectangular opening converging-diverging nozzle. The 
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main factors controlling the deposition are the nozzle design, and the pressure 

difference between the carrier gas pressure and chamber pressure, also, the third 

parameter is the stand-off distances (SoD) between the nozzle outlet and substrate. 

The impact velocity of particles is a key factor for deposition and is directly 

affected by the flow. The flow can be controlled by various process parameters, 

such as carrier gas pressure, pressure in the deposition chamber, SoD, nozzle 

geometry, powder type, and powder size, among the most relevant ones.   

The effect of SoD has been studied by CFD of the impact velocity of 

Al2O3 particles. The range of SoD was set from 1 to 7 mm and 2 mm step. The 

CFD results showed that the impact velocity of the particles increased with 

increasing SoD. This result was compared the mechanical properties observed for 

the Al2O3 deposited by NPDS. Small differences in impact velocities caused large 

changes in mechanical properties[89].  

Another important factor affecting the deposition by NPDS are the powder 

particle size and the substrate hardness. Hyungsub et al.[90]  reported that micro-

sized and sub-micro NiO particles failed to deposit on the FTO glass by NPDS 

but the deposition was successfully carried out on Si and Ni-coated Si wafers, this 

may attributed to the hardness result shows, where the Si (10.850 GPa) and Ni-

coated Si wafers (8.386 GPa) had higher hardness values than that of bulk NiO 

(7.724 GPa). However, FTO glass (6.633 GPa) had a lower hardness than NiO. 

This hardness difference may account for the failed deposition of micro-sized and 

sub-micro NiO particles on the FTO glass. During hte impact between NiO 

micro-sized and sub-micro NiO particles and the FTO glass, part of the kinetic 

energy is dissipated in the deformation process, resulting in deposition, and part 

is converted elastically to the kinetic energy of rebound. If this rebound energy 

exceeds the adhesion energy, the particles rebound, resulting in no deposition. 

Such particle rebound is most likely to occur when the particles are larger and 

harder than the substrate. For the case of hard substrate–soft particle combination, 
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the initial kinetic energy of the particle was mostly dissipated into plastic 

deformation, flattening the particle with a very slight deformed substrate. Which 

explains the success of NiO deposition on Si and Ni-coated Si wafers[90]. The 

effect of the particle size on the NPDS deposition was reported for NiO, smaller 

size of NiO particles (100 nm or less) show the high flow velocity, but because 

of the small moment of impact, the maximum impact velocity extremely 

decreased. So that, nano-sized NiO particles were deposited by breaking up of 

agglomerates and formed the loosely compact coating layer. Moreover, micro-

sized NiO particles which have the highest impact velocity, can well deposited by 

deformation and fracturing of particles, forming the densely compact coating 

layer[90].  
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Figure 6 (a) schematic diagram of the NPDS, (b) top view, and (c) perspective 
view of the deposition processes. 
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Table 2 Different synthesis methods of electrode materials in terms of 
advantages and disadvantages 

Synthesis methods Advantages Disadvantages 

Electrochemical 

deposition 

Large area deposition, 

low-cost, precise 

control on film 

thickness and 

uniformity 

Post-processes (drying 

or annealing), long 

processes time and 

toxic chemicals 

Chemical bath 

deposition 

Simplicity, low 

temperature, low-cost, 

large area 

Low yield, limited 

flexibility 

Chemical vapor 

deposition 

Good film uniformity, 

high purity, high 

deposition rate 

Expensive equipment, 

high vacuum, volatile 

precursors  

Sol-gel 

Low-cost, 

controllable film 

texture, homogeneity 

Weak bonding, 

complicated process 

Nano-particle 

deposition system 

Room temperature, 

low vacuum, simple 

process, large area 

deposition 

Large feedstock 

The comparison between NPDS and other synthesis methods in Table 2 

indicate that NPDS is a direct deposition technique at room temperature and low 

vacuum conditions. 
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1.8 Research Motivations and Objectives 

The improvement of supercapacitors is associated with many essential 

problems, such as low energy density, low operating potential, and high 

equivalent series resistance. The energy density of commercial supercapacitors 

that are based on carbon electrodes is generally less than 10 Wh/kg, which is 

much lower than that of batteries, 100 Wh/kg. Although pseudo-capacitive 

electrodes offer high energy density supercapacitors, but they suffer from poor 

rate capability and poor cycling stability. In contrast, pseudo-capacitive materials 

are expensive compared to carbon materials. Therefore, there is a huge demand 

to improve the electrochemical performance of pseudo-capacitive materials. 

Organic electrolytes and ionic liquids with broad operating potential windows 

offer relatively higher energy density. However, organic electrolytes have poor 

electrical conductivity and are not environmentally friendly, while ionic liquids 

are not cost-effective. Therefore, both types of electrolytes have been undesirable 

for practical applications. Considering the environmental concerns and cost, 

aqueous electrolytes are more desirable when configured with smart 

supercapacitors using proper electrode materials. Based on the above 

considerations, the intention of this dissertation research is to develop hybrid 

electrode materials that have enhanced electrochemical performance in terms of 

specific capacitance, energy and power densities and cycling stability. 

The main objective of this research is to develop graphene-based hybrid 

electrodes such as molybdenum disulfide/graphite and nickel 

hydroxide/graphene hybrids for electrochemical supercapacitors with the 

following considerations. 

• To study the deposition behavior of some 2D material such as few-layer

graphene nano-flakes, molybdenum disulfide (MoS2), nickel hydroxide
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(Ni(OH)2) and their composites with graphene using the nano-particle 

deposition system (NPDS). 

• To maximize the specific capacitance of the deposited graphene-based

composite electrodes by changing the graphene content in the composites.

• To improve the energy density of the asymmetric supercapacitor using

Ni(OH)2-graphene as a positive electrode.

1.9 Thesis Organization 

The structure of this thesis can be summarized as follows. 

Chapter 1 focuses on the literature review on supercapacitors including 

energy storage principles, electrode materials, electrolytes and separators. Then 

chapter 1 reviews the synthesis techniques of the supercapacitor electrode 

materials and their advantages and disadvantages. The latter part of Chapter 1 

describes the motivations, and the objectives of carrying out this thesis work 

followed by the organization of the thesis. 

Chapter 2 discuss the chemical and physical characterization techniques 

of electrode materials, and the evaluation of the electrochemical performance of 

the supercapacitors. 

Chapter 3 reviews the deposition of few-layer graphene nano-flakes using 

different deposition parameters, their characterization and applications to 

symmetric supercapacitor. The electrochemical performance of the few-layer 

graphene nano-flakes symmetric supercapacitor in different electrolytes 

concentration is presented. 

Chapter 4 describes the deposition and characterization of MoS2-graphite 

hybrid electrode for symmetric supercapacitor. The capacitances of the MoS2-

graphite hybrid electrodes based symmetric supercapacitor are optimized based 

on the amount of MoS2 content used in the deposition. 



28 

Chapter 5 focuses on the Ni(OH)2 deposition and application to 

supercapacitors. In this chapter the structural and electrochemical performance of 

the Ni(OH)2 deposited with different parameters on nickel sheets are compared. 

The Ni(OH)2 deposition on nickel foam and its application to supercapacitor is 

presented in this chapter. 

Chapter 6 describes the deposition of nanostructure Ni(OH)2-graphene 

hybrid electrodes. The capacitance of Ni(OH)2-graphene hybrid is maximized 

based on the content of the Ni(OH)2 in the hybrid electrode. An asymmetric 

supercapacitor fabricated based on Ni(OH)2-graphene hybrid electrodes are 

described in this chapter with performance comparisons.  

Chapter 7 concludes the thesis with major findings in terms of increasing 

specific capacitance and operating voltage to increase the energy density of 

supercapacitors. The latter part of this chapter focuses on future research 

recommended for the development of hybrid materials as electrode materials for 

supercapacitor applications. 
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Chapter 2 

Experimental Section 
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2.1 Materials 

Graphite powder (MGF 10 995A) was purchased from Samjung C&G, Korea 

with a particle size of 10 μm or larger. Molybdenum (IV) sulfide powder MoS2, 

average particle size < 2 μm, 99% (#1317-33-5) and Nickel (II) hydroxide 

(#12054-48-7) were purchased from Sigma-Aldrich. Stainless-steel sheets of 0.5 

mm thickness and nickel sheets of 0.2 mm thickness were purchased from Nilaco 

Corporation, Japan. Nickel foam with a thickness of 1.6 mm was purchased from 

Invisible Inc., Gyeonggi-do, Korea. Polyvinyl alcohol (PVA) with an average 

molecular weight of 88000 g/mol (#6716-1405), phosphoric acid (H3PO4) with 

85% purity (#7664-38-2), and Potassium hydroxide (KOH) > 93 % (#1310-58-

3), sodium nitrate (NaNO3) with purity 99% (#7631-99-4), sulfuric acid (H2SO4) 

with purity 98% (#7664-93-9), potassium permanganate (KMnO4) with purity 

99.3% (#7722-64-7), sodium borohydride (NaBH4) with purity 97% (#16940-66-

2), and hydrazine hydrate (N2H4) with purity 80% (#7803-57-8)  were purchased 

from Daejung, Gyeonggi-do, Korea. Hydrochloric acid (HCl) with purity 

35~37% (#7647-01-0), and hydrogen peroxide (H2O2) with purity 34.5% (#7722-

84-1) were purchased from Samchun Chemical Co., Ltd., Seoul, Korea.

2.2 Materials Preparation 

The material preparation and deposition parameters corresponding to 

different electrode materials are introduced in their related chapters. 
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2.3 Characterization Techniques 

2.3.1 Field Emission-Scanning Electron Microscopy (FE-SEM) 

SEM uses a condensed, accelerated electron beam to focus on a specimen. 

The electron beam hits the specimen and produces secondary and backscattered 

electrons. Secondary electrons are emitted from the sample and collected to create 

an area map of the secondary emissions. Since the intensity of secondary emission 

is very dependent on local morphology, the area map is a magnified image of the 

sample. In this thesis work, SEM images were measured by scanning electron 

microscopy (JSM-6500F, Jeol, Japan) 

2.3.2 High-Resolution Transmission Electron Microscopy (HR-TEM) 

Before measurement, focused ion beam (FIB) (Helios NanoLab 450, FEI, 

Netherlands) milling was carried out to prepare the HR-TEM sample. A FIB lift-

out TEM grid (Omniprobe, FIB lift-out Cu TEM grid with 3 posts) was used to 

hold the milled HR-TEM sample. Finally, the sample prepared by the FIB was 

used for high resolution transmission electron microscopy (JEM-2100F, Joel, 

Japan).   

2.3.3 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) takes advantages of the coherent scattering of x-

rays by polycrystalline materials to obtain a wide range of structural information. 

The x-rays are scattered by each set of lattice planes at a characteristic angle, and 

the scattered intensity is a function of the atoms, which occupy those planes. The 

scattering from all the different sets of planes results in a pattern, which is unique 

to a given compound. The peaks of this pattern is formed when a constructive 

interference between the reflected x-rays by the atomic planes takes place 

satisfying Bragg’s law (nλ=2d sin θ) satisfied where λ is the x-ray wavelength, d 
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is the spacing distance and θ diffraction angle. The crystallite size can be 

calculated using the Scherrer equation: 

D = κλ
β cos θ

………….... 2.1 

where, κ is a constant (usually = 0.9), and β is the full width at half maximum 

intensity (FWHM)[93]. In the thesis crystalline structure was identified using by 

X-ray diffraction Ultima IV, Rigaku, Japan (Cu Kα radiation, λ=0.15418 nm)

operated at 40 kV and 30 mA.

2.3.4 Raman Spectroscopy 

Raman spectroscopy is a spectroscopic technique used to study vibrational, 

rotational, and other low-frequency modes in a system. It relies on inelastic 

scattering or Raman scattering of monochromatic light, usually from a laser in 

the visible, near infrared, or near ultraviolet range. The laser light interacts with 

phonons or other excitations in the system, resulting in the energy of the laser 

photons being shifted up or down. The shift in energy gives information about 

the phonon modes in the system. In this thesis work, the Raman spectra were 

carried out using a using Raman spectroscopy (Alpha 300R, WITec, Germany) 

with a 532 nm wavelength laser operating at 1 mW as an excitation source. 

2.3.5 X-ray photoelectron spectroscopy (XPS) 

Chemical state of a sample is analyzed by X-ray Photoelectron 

Spectroscopy (XPS). An electron is emitted by the photoelectric effect when 

homogeneous light is applied material. The measuring method of electron energy 

and intensity distribution is called XPS method. 

Ekin = hν – Eb – φ ………….... 2.2 
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where Ekin is the kinetic energy of emitted photoelectron, hν is the incident X-ray 

energy, Eb is the binding energy of emitted electron, and φ is the work function 

for sample. If hν is constant, binding energy can be obtained by measuring the 

kinetic energy of emitted electron. Identification of element is easily possible by 

measuring Ekin because binding energy of each electron orbit is different. On the 

other hand, binding energy of same orbit of same element is changed a little by 

an atomic surrounding state and environment. State analysis of element is 

possible by measuring this change variation called chemical shift. X-ray 

photoelectron spectroscopy was performed with K-alpha XPS system (Thermo 

Fisher Scientific, Waltham, MA, USA). 

2.4 Electrochemical Performance 

The symmetric capacitors were assembled from two identical working 

electrodes and polymer gel electrolyte.  The polymer gel electrolyte was prepared 

as follows. 1 g of PVA was stirred in 10 ml of deionized water at 80 oC for 2 

hours until completely dissolved. After cooling, 0.03 mol (2.94 gm) of H3PO4 

were added to the PVA and stirring was continued until the solution became a 

viscous gel. The same procedure was followed to prepare 0.06 and 0.09 mol of 

H3PO4-PVA gel electrolyte by adding 5.88 and 8.82 gm of H3PO4 to the 1 gm of 

PVA respectively. 

1x1 cm2 of the deposited thin films on stainless steel (few-layer graphene 

in chapter 3 and MoS2-graphite in chapter 4) were dipped on the H3PO4-PVA gel 

electrolyte for a few minutes as in Figure 7 (a),  and two identical electrodes were 

allowed to dry for 3 hours at room temperature. After this, the two identical 

electrodes were sandwiched together. The structure of the fabricated 

supercapacitor is shown in Figure 7 (b). 
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Figure 7 (a) dipping deposited electrode into the gel electrolyte; (b) assembly of 
the fabricated supercapacitor. 

After cell fabrication, the electrochemical properties were measured using 

a two-electrode cell. The electrochemical performance was measured using the 

CorrTest electrochemical workstation (C350, Wuhan Corrtest Instruments Corp. 

Ltd., China), using cyclic voltammetry, galvanostatic charge/discharge, and 

electrochemical impedance spectroscopy. The cyclic voltammetry measurement 

was scanned between 0 and 1 V with different scan rates ranging from 2 to 100 

mV/s. The galvanostatic charge/discharge tests were performed with different 

current densities (0.01 to 0.1 mA). Impedance data were collected from a 1 MHz 

to 1 Hz frequency range with an AC signal of 10 mV in amplitude. 

For three-electrode configuration, the deposited samples by the NPDS were 

used as working electrodes. For the rGO samples, the working electrode was 

prepared for by mixing the rGO, carbon black, and polytetrafluoroethylene 

(PTFE) binder (ratio 85:10:5 wt.%) with few drops of ethanol to form a slurry. 

Then, the slurry was pressed into a nickel foam current collector and dried at 

120ºC overnight. The electrochemical measurements were carried out using CV 

and GCD in a 3-electrode cell. Pt mesh and Ag/AgCl electrode were used as the 

counter electrode and the reference electrode in 2M KOH electrolyte. 
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The electrochemical performance of the asymmetric supercapacitor was 

measured in a 2-electrode cell. The 10% Ni(OH)2-Gr hybrid electrode and rGO 

electrode were sandwiched together, with cellulose filter paper soaked in 2 M 

KOH aqueous solution used as a separator. The masses of the positive and 

negative electrodes were balanced according to the following equation: 

𝑚𝑚+
𝑚𝑚−

= 𝐶𝐶− × ∆𝑉𝑉−
𝐶𝐶+ × ∆𝑉𝑉+

 ………….... 2.3 

where m is the loading mass, C is the specific capacitance, and ΔV is the 

potential window for the positive (+) and negative (-) electrodes, respectively. 

The specific capacitance, energy and power density of the ASC were calculated 

based on the total mass two electrodes in the ASC, according to the following 

equations: 

𝐶𝐶𝑚𝑚 = 𝐼𝐼 𝑡𝑡𝑑𝑑
𝑚𝑚 ∆𝑉𝑉

………….... 2.4 

𝐸𝐸 = 1
2
𝐶𝐶𝑚𝑚𝑉𝑉2 ………….... 2.5 

𝑃𝑃 = 𝐸𝐸
𝑡𝑡𝑑𝑑

………….... 2.6 

where Cm is the specific capacitance of the ASC, E is energy density, P is the 

power density, I is the current, m is the total mass two electrodes, V is the 

maximum voltage applied during the charge/discharge measurement, and td is the 

discharge time determined from the discharge curve.
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Chapter 3 

Symmetric Supercapacitor 

Fabricated Based on Few-

Layer Graphene Nano-

Flakes 
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3.1 Background 

Supercapacitors, also called ultracapacitors, are promising electrochemical 

storage device due to their high-power density, fast charge/discharge rates and 

long charge-discharge cycles[5, 6, 8, 94]. Supercapacitors have the potential to 

supplement or replace the use of batteries for energy storage applications, namely 

those for wearable and portable electronics, energy storage systems, and electrical 

and hybrid vehicles[95]. There are two representative types of supercapacitor: (1) 

the electric double layer capacitor (EDLC) and (2) the pseudocapacitor. EDLCs 

store energy via ion adsorption/desorption on the electrode surface, exhibit an 

excellent cycle life and power density, but are restrained by limited adsorption 

capacity, which adversely impacts their energy density[96]. Carbon materials 

with a large specific surface area and excellent electrical conductivity, such as 

active carbon (AC), carbon nanotubes (CNTs), and graphene, have been used for 

EDLCs. In contrast, pseudocapacitors store energy via fast and reversible surface 

redox reactions. Typical pseudo-capacitive materials include transition metal 

oxides/hydroxides and conducting polymers. Pseudocapacitors hold a much 

higher energy density but have unsatisfactory cycle stability and rate capability, 

so power their density is generally low[96].  

Graphene is a 2D plane of sp2 bonded carbon atoms, organized in a 

honeycomb lattice. There are two reasons why graphene is a particularly suitable 

material for storage devices. The first reason is that graphene has good electrical 

conductivity. The electrical conductivity is a result of graphene’s unique 

electronic properties, which include a massless Dirac fermion, an ambipolar 

electric field effect, and an extremely high carrier mobility[42]. These properties 

arise from the unique electronic band structure of graphene, which is considered 

a zero-gap conductor[43]. Moreover, due to the high quality of its 2D crystal 

structure, graphene exhibits fast transport properties, which also results in a low 

defect density, allowing graphene to behave like a metal with a high constant 
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mobility[44]. The second reason for graphene’s suitability for electronic storage 

is its high surface area. The theoretical calculation of the specific surface area of 

graphene yields a value of 2630 m2/g. This is a high specific surface area even 

compared with the graphite (~10 m2/g)[5] or CNTs (1315 m2/g)[45]. These 

advantages make the graphene and their composites suitable for many 

applications, such as all-solid-state laser scribed flexible graphene 

supercapacitor[97], flexible and durable graphene oxide fabricated on cotton 

textile[98], electrochemically doped graphene[99], graphene/polyaniline 

nanofiber composite[100] and activation of microwave exfoliated GO (MEGO) 

and thermally exfoliated GO (TEGO) by KOH[101] for supercapacitor 

applications. And cuprous oxide/reduced graphene oxide (CuO2/rGO) 

nanocomposites for light-controlled conductive switching[102]. Also CuO2/rGO 

exhibits excellent photocatalytic activity[103], and AgInZnS-graphene oxide 

(GO) nanocomposites can be used as active biomarkers for noninvasive 

biomedical imaging[104]. Besides that, there are other properties about graphene 

and their composites such as the excellent mechanical properties and chemical 

tunability of graphene oxide paper reported by Dikin et al.[105]. However, there 

is drawback which limits use of graphene in some applications which is that the 

measured values of the graphene specific surface area are much lower than the 

theoretical value, in the range of 1000 and 1800 m2/g[106].  The lower specific 

surface area is a result of graphene agglomeration during fabrication of the 

electrode material, resulting in a loss of surface area[107].  

In 2004, Geim and co-workers synthesized the first graphene single layers 

by mechanical exfoliation using the Scotch tape method[46]. Because of the 

manual operation, this method has a very small yield, but the graphene obtained 

by this method was useful for fundamental studies. This method is neither 

scalable nor can it be adapted for mass production[46, 108]. There are two major 

approaches for producing single layer graphene, the top-down and bottom-up 
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approaches. The purpose of the top-down approach is to reduce the graphite to 

single or few-layer graphene platelets. Graphite conversion into graphite oxide is 

a common method in the top-down strategies[105, 109]. This familiar top-down 

approach often requires strong reaction conditions, such as high reduction 

temperatures, while using concentrated sulfuric acid with highly hazardous 

procedures[110-112]. Moreover, the obtained graphene always suffers from 

many defects in the structure rendering its actual electric conductivity poor, thus 

restricting its applications[113]. The electrochemical exfoliation method has been 

reported to be promising for the large-scale production of high-quality graphene, 

however, this approach consumes a large amount of electric energy and the use 

of high voltages also facilitates the generation of oxygen groups, as well as 

structural damage of the graphene[110, 114]. Also, liquid-phase exfoliation[115] 

and graphite intercalation compounds (GICs)[116] are all included in the top-

down approaches. The advantages of these approaches are that they produce a 

large area, with a low cost of fabrication. However, many defects are formed 

through the exfoliation, so it is impossible to get high-quality single-layer 

graphene[117]. The bottom-up methods require atom by atom growth, which 

includes growth on SiC, molecular beam epitaxy, chemical vapor deposition, and 

chemical synthesis[118]. CVD is a method in which graphene is grown directly 

on a transition metal substrate through saturation of carbon upon exposure to a 

hydrocarbon gas at a high temperature[119-125]. One of the major advantages of 

the CVD technique is its high compatibility with the current complementary 

metal–oxide–semiconductor (CMOS) technology. However, controlling the film 

thickness is difficult, and the formation of secondary crystals cannot be 

avoided[126]. Another disadvantage of the CVD method is that it requires 

expensive substrate materials for graphene growth, which limits the applications 

for large-scale production. Further, the transfer to another substrate is a complex 

process.  
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To avoid the disadvantages of the previous strategies, a promising vacuum 

kinetic spray method was used to deposit few-layer graphene nanoflakes from 

graphite microparticles, while under room temperature and low vacuum pressure 

conditions. This vacuum kinetic spray method is known as a nanoparticle 

deposition system (NPDS). Previously, a NPDS was developed to deposit metals 

and ceramics, such as tin, nickel, Al2O3, TiO2, and WO3, at a low temperature. 

Additionally, few-layer graphene nanoflake layers have been successfully 

deposited[79, 80, 91, 92, 127, 128]. The NPDS uses relatively low pressure 

compressed air as a carrier gas and a low vacuum pressure (around 0.04 MPa), 

for low equipment and processing costs. The impact velocity of the micro-sized 

graphite particles deposited by NPDS is one of the critical process parameters, 

and its importance was studied with regard the formation of few-layer graphene 

flakes on copper foil without binders by Nasim and Chun[92]. Further, these 

researchers carried out computational fluid dynamics (CFD) simulations to study 

the relationship between the stand-off distance and the impact velocity. The CFD 

analysis predicts the critical velocity for fragmentation and interlayer separation 

of graphite particles for deposition of a few-layer graphene flake structure on 

copper, without the presence of unfragmented graphite particles[92]. Another 

important factor which can affect the deposition of micro-sized graphite particles 

is the substrate hardness. The substrate-dependent behavior of deposition showed 

that the degree of fragmentation and interlayer separation increase with an 

increase in the substrate hardness. By using the NPDS, thick and fragmented 

graphite particles were deposited on soft substrates, while the deposition on the 

hard substrates result in a few-layer graphene flake structure[91].  

This research introduces a new deposition method for few layered 

graphene nano-flakes thin film from micro-sized graphite powders without any 

additives or chemicals so that this deposition method is low-cost, and eco-friendly 

manufacturing technique. The few layered graphene nano-flakes thin film 
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prepared by the NPDS is a novel for supercapacitor applications. Herein, the 

effect of the scan speed on the formation of a few-layer graphene flake structure 

was studied, and graphite microparticles were deposited on stainless steel using 

the NPDS for application in relatively low-cost supercapacitors. The surface 

morphology of the formed films was analyzed by a field-emission scanning 

electron microscope (FE-SEM), X-ray diffraction (XRD), and Raman 

spectroscopy. Then, the few-layer graphene nanoflake thin film was used as an 

electrode of a supercapacitor, with a polyvinyl alcohol with phosphoric acid 

(PVA-H3PO4) gel electrolyte serving as a separator and binding material[129]. A 

polymer gel electrolyte is often used to provide anions and cations, which 

participate in the surface process contributing to the electrochemical 

capacitance[130]. The electrochemical performance was evaluated in a 2-

electrode system using cyclic voltammetry (CV), galvanostatic charge-discharge, 

and electrochemical impedance spectroscopy (EIS).  

3.2 Materials and Methods  

3.2.1 Graphene electrode preparation 

The NPDS consists of a compressor, cylindrical powder feeder, nozzle, 

vacuum chamber, vacuum pump, vibrator, and controller, as shown in Figure 6. 

The compressor supplies a compressed air of pressure 0.2 MPa to carry the micro-

sized graphite powder from the cylindrical powder feeder to the nozzle which is 

inside the vacuum chamber. In this research, a slit converging-diverging nozzle 

of dimensions 50 x 0.2 mm2 was used to accelerate the powder for a large area 

deposition. A vibrator was used to shake the powder feeder to carry the powder 

easily to the nozzle. The distance between the nozzle and the stainless-steel 

substrate was set to be 5 mm. The y-stage is connected to permanent magnet AC 

(PMAC) motor to control the scan speed of the substrate. In this study the 
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deposition was carried out directly on a stainless-steel substrate by three different 

scan speeds without any additional chemical or binders as shown in Table 3. 

Table 3 Process parameters for graphite deposition on the stainless-steel 
substrate. 

Parameter Value 

Compressor pressure (MPa) 0.2  

Chamber pressure (MPa) 0.036-0.04 

Scan speed (mm/min) 0.4, 0.8, and 1.2 

Distance between substrate and nozzle (mm) 5 

Deposition shape 2x5 cm2 

Substrate material Stainless-steel 

3.3 Results and Discussion 

3.3.1 Morphology properties 

After deposition, the masses per unit area and thicknesses of the deposited 

films with different scan speeds were calculated. The mass per unit area of the 

deposited films decreased as the scan speed increased from 0.4 mm/min to 0.8 

mm/min and 1.2 mm/min. The thickness of each deposited film was measured by 

confocal microscopy, showing that as the scan speed changed from 0.4 to 1.2 

mm/min the thickness decreased. The values of mass per unit area and the 

corresponding thicknesses are shown in Figure 8 and Table 4. 
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Table 4 Thickness and mass values of the deposited films with different scan 
speeds. 

Scan speed 

(mm/min) 

Thickness 

(μm) 

Mass 

(mg/cm2) 

0.4 2.53 0.3 

0.8 1.54 0.17 

1.2 0.85 0.101 

Figure 8 Mass per unit area verses the thickness of the deposited films with scan 
speeds 0.4, 0.8 and 1.2 mm/min. 

The surface morphology of the original graphite powder and the deposited 

thin film, on a stainless-steel substrate, was observed with an FE-SEM. Figure 9 

(a) is the FE-SEM image of the original graphite powder, showing that the sizes

of the original powder particles are around 10 µm and the shapes are irregular.
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Figure 9 (b-g) shows the surface morphology of the deposited films on stainless 

steel, by comparing Figure 9 (a) and (b, c) we can see that most of the graphite 

powder fragmented to small particles; some of these particles are still in 

microscale graphite form, but most of the other particles are converted to very 

small flakes. As seen in Figure 9 (d-g), as the scan speed increased, the relative 

proportion of the microscale graphite particles on the deposited films become 

smaller relative to the slow scan speed case (0.4 mm/min). For 1.2 mm/min scan 

speed of deposition, the sizes of most of the fragmented particles ranged from 

about 100 nm to 180 nm, however, there were some fragmented particles with 

much smaller size. In Figure 9 (c, e, and g), red arrows indicate some of the 

graphene nano-flakes. The thin layers of graphite were separated during the 

NPDS deposition due to their high impact velocity. The orientation of the particle 

may be random during deposition, and particles with different orientations 

collided with the substrate. Due to the high-velocity impact, interlayer sliding and 

interlayer separation occurred and very thin structures were deposited on the 

stainless-steel substrate. In addition, large particles broke into small pieces to 

make nano-sized, thin structures. 
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Figure 9 FESEM of (a) graphite powder, deposited film at scan speeds (b, c) 0.4 
mm/min, (d, e) 0.8 mm/min and (f, g) 1.2 mm/min, respectively. 
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Figure 10 shows the TEM image of the deposited film with a scan speed 

of 1.2 mm/min. The high-resolution TEM image shown in Figure 10 (a) indicates 

the crystalline structure of randomly oriented graphene nano-flakes with some 

areas of amorphous structure. The Fast Fourier transformer (FFT) of the HR-

TEM image in Figure 10 (b) shows a polycrystalline structure which has arisen 

from the short-range randomly oriented graphene flakes. The obtained histogram 

plot is shown in Figure 10 (c) at the surrounded position by the yellow rectangle 

in Figure 10 (a) indicates an in-plane lattice spacing of 0.26 nm corresponding to 

the graphene lattice spacing[48]. Other crystalline areas showed the same lattice 

spacing of 0.26 nm, as all positions were measured using the histogram plot. This 

suggests that all crystalline areas are graphene structured. In Figure 10 (d), the 

highly magnified image of the surrounded position by the yellow rectangle in 

Figure 10 (a) shows a triangular sublattice pattern of carbon atoms instead of a 

hexagonal pattern. This triangular pattern may come from few-layer graphene 

flake structures[131, 132]. The corresponding FFT clearly shows a hexagonal 

pattern of the graphene structure corresponding to the (100) plane. 
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Figure 10 (a) HR-TEM image of the deposited film with scan speed 1.2 mm/min, 
(b) FFT of image (a), (c) Histogram plot of the area surrounded by the yellow
rectangular in (a), and (d) magnified HR-TEM of the area surrounded by the

yellow rectangular in (a) (In the top right, inset FFT of image (d)). 

3.3.2 X-ray diffraction analysis 

The structural properties of original graphite powder, and the deposited 

films with different scan speeds (0.4, 0.8, and 1.2 mm/min) and stainless-steel 

substrate were characterized using XRD analysis. Figure 11 shows the XRD 

spectrum of the original graphite powder, the sharp and high amplitude peak 

(002) at 2θ=26.5o, which is the strongest peak obtained in the diffraction pattern

in the direction perpendicular (c-axis) to the graphite hexagonal plates, indicates

a highly organized layered structure with an interplanar spacing of 0.365 nm. The

XRD spectrum of the deposited films shows peaks γ(111), γ(200), and α(211) at

43.6o, 50.5o, and 82 o corresponding to the stainless steel substrate. In the of 0.4
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mm/min case, there is (002) graphite peak at 26.3o. This peak disappeared when 

the scan speed was increased to 0.8 and 1.2 mm/min, which means that the 

graphene/graphite structure in case of 0.4 mm/min scan speed of deposition 

transformed to graphene structure as the scan speed increased. Also, the deposited 

films show a broad carbon (002) peak between 15 to 25o, the broadness of the 

(002) peak and the shift to a smaller angle indicates a decrease in the particle size

due to defragmentation of graphite microparticles to graphene nano-flakes and an

increase in the interplanar spacing.

Figure 11 XRD of the graphite powder, SUS304 substrate, and deposited films 
at different scan speeds. 
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3.3.3 Raman Spectroscopy 

The Raman spectroscopy results of the original graphite powder and 

deposited films is shown in Figure 12. It is obvious that the graphite powder has 

mainly three bands D, G, and 2D at 1352.4, 1582.1, and 2720.77 cm-1, 

respectively. The G peak is due to the doubly degenerate zone center E2g 

mode[133]. The G band has the most intense peak and the D band has negligible 

intensity. The negligible intensity of the D band suggests a crystalline structure 

with almost no disorder. The 2D band for graphite is consists of two bands 2D1 

and 2D2, as shown in the enlarged view of the 2D peak, the double band structure 

of the 2D peak was explained by other researchers[55–60]. For all the deposited 

films under all scan speeds (0.4, 0.8 and 1.2 mm/min), the deposited film on 

stainless steel substrate showed two different behaviors. During measurement, 

the laser beam was focused in two different positions for a more accurate 

measurement. When the laser beam was focused on a large sized, fewer 

fragmented particles were produced, as shown in Figure 12 (a). In this case, the 

D peak was located at 1352.4 cm-1 for all deposited films, the G peak positions, 

for the slower to faster scan speeds, were at 1586, 1592 and 1596 cm-1.  We can 

observe that the ratio of ID/IG, as shown in Table 5, becomes higher when the scan 

speed of deposition increases, which confirms that the amount of graphite 

structure on the deposited films decreases as the scan speed of the deposition is 

increases. 2D peaks appear around 2718, 2708 and 2699 cm-1, respectively for 

the different scan speeds of deposition. The shift of the G band to a higher energy 

compared to the graphite powder, the sharpness of 2D peak, and the shift in the 

2D band to a lower energy, all indicate that while increasing the scan speed of 

deposition, more of micro-sized graphite particles gradually transform from 

graphite to a few-layer graphene structure. 

When the laser beam was focused on the fragmented particles, the Raman 

spectrum of the deposited thin films under all scan speeds (0.4, 0.8 and 1.2 
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mm/min) has a different interesting behavior; as seen in Figure 12 (b), the 

intensity of D band peaks at 1352.4, 1352.4 and 1350.8 cm-1 respectively, which 

represents the disorder was higher than the G band appears around 1598.5, 1597 

and 1595 cm-1, respectively for the different scan speeds of deposition, which 

means that the ID/IG for the deposited film is much higher than that of the graphite 

powder. This increase in ID/IG can be described because of the fragmentation of 

the micro-sized graphite particles to graphene nano-flakes which increase the 

edge defects and disorder of the graphene. The G band is shifted to a higher 

energy compared to the graphite powder, as shown in Figure 12 (b). The G band 

has a shoulder at 1654 cm-1 (D´ band). Also, the 2D band, which appears around 

2698 cm-1, for all deposited films, is shifted to lower energy compared to the 

graphite powder. The 2D band of the deposited film is sharper than that of the 

original powder. Moreover, the shift in the 2D band indicates that the thickness 

of the deposited film is decreases after deposition of the original graphite powder 

on stainless steel using the NPDS. Based on the shifts in the G and 2D peaks, we 

concluded that the layers of micron-sized graphite powder were separated due to 

the high impact velocity during deposition, and that few-layer graphene structures 

have formed on the stainless steel[134-140]. Furthermore, the strong and sharp D 

band peak and D´ band peak suggest a nanocrystalline structure, as well as the 

presence of graphene edges and defects[141, 142]. These graphene edges may 

appear due to fragmented graphene flake structures. Furthermore, defects may 

have occurred during the high impact velocity deposition, or by interactions 

between the stainless steel and graphene, which may have produced vacancies, 

dislocation, and/or dangling bonds[143]. The positions of the D, G, and 2D peaks 

for the graphite powder and deposited films are shown in Table 5. 



51 

Figure 12 Raman spectroscopy of (a) the graphite powder and deposited films 
at different scan speeds on larger size particles with less fragmentation, (b) 
graphite powder and deposited films at different scan speeds on the more 

fragmented particles. 



52 

Table 5 D, G, and 2D peaks and ID/IG for the graphite powder and deposited 
films. 

large size & less fragmented particles. fragmented particles 

Film 
D peak 

(cm-1) 

G peak 

(cm-1) 

2D peak 

(cm-1) 
ID/IG 

D peak 

(cm-1) 

G peak 

(cm-1) 

2D peak 

(cm-1) 
ID/IG 

Powder 1352.4 1582.1 2720.8 0.269 1352.4 1582.1 2720.8 0.269 

0.4 mm/min 1352.4 1586 2718 0.647 1352.4 1598.5 2698 1.054 

0.8 mm/min 1352.4 1592 2708 0.970 1352.4 1597 2698 1.064 

1.2 mm/min 1352.4 1596 2699 1.009 1350.8 1595 2698 1.069 

3.3.4 Electrochemical properties 

The electrochemical performance of graphene supercapacitors, fabricated 

from the deposited films (0.4, 0.8 and 1.2 mm/min scan speeds), with the addition 

of 0.03 mol of H3PO4-PVA gel electrolyte, were investigated as part of a 2-

electrode system. Figure 13 (a-c) shows the cyclic voltammetry curves measured 

at the scan rates 2 to 100 mV/s and potential window 0 to 1 V. The areal 

capacitance calculated from the CV curves using the formula 

Ca= ∫  IdV
s A ∆V

………….... 3.1 

where I is the response current, s is the scan rate, ΔV is the potential window and 

A is the area of graphene electrode in contact with the electrolyte. The CV curves 

of graphene supercapacitor are symmetrical and have a near-rectangular shape 

over the 1 V potential window, which is typical of an ideal capacitor. The value 

of areal capacitance was increased from 0.68 mF/cm2 at 2 mV/s for 0.4 mm/min 

scan speed to 1.28 mF/cm2 at 2 mV/s for 1.2 mm/min scan speed, as shown in 

Figure 13 (d), two factors explain this improvement of the capacitance: In case of 

a fast scan speed, after the graphite particles were accelerated to supersonic 

speeds through the converging-diverging nozzle, the graphite particles impact 

with the stainless steel substrate, which has relatively high hardness, so a thin 
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layer of graphene will be formed on the substrate, the deposition quickly will 

cover another location until it covers the required area of substrate. On the other 

hand, for the slow scan speed, after the acceleration of graphite powder, the 

impact takes place at first between the powder and stainless-steel substrate. As in 

the case of a fast scan speed, a thin graphene layer will form over the substrate, 

but due to the slow scan speed the impact will happen between the graphite 

powder and the deposited film, which has a lower hardness than the stainless 

steel. Therefore, the amount of fragmentation of graphite powders becomes lower 

than that which occurs with a fast deposition scan speed. This is clear from the 

(002) graphite peak intensity found in the XRD analysis, which decreased as the

scan speed increased. Also, this is clear from the Raman spectroscopy, as

previously mentioned. In summary, a slow scan speed shows graphene/graphite

structure which has a smaller surface area and lower conductivity than graphene

structure in the fast scan speed. As such, the improvement of the capacitance can

be explained as a result of two reasons. The first reason is that the graphite

structure of the deposited film forms more readily with a slow scan speed

deposition, such that the specific surface area becomes higher than in the case of

a fast scan speed deposition and allow more charge transfer on the surface of the

electrode[144]. The second reason is that the number of graphene layers is

decreases with an increase in the scan speed, since the value of ID/IG for a fast

scan speed is larger than that of low scan speed and the decreased number of

graphene layers can improve the charge transfer inside the electrode material[145,

146].
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Figure 13 (a-c) CV curves of 0.03 mol of H3PO4 gel electrolyte with different 
scan speeds, (d) calculated specific areal capacitance from CV curves. 

In Figure 14, the cyclic voltammetry was measured again for the deposited 

films using 0.06 and 0.09 mol H3PO4-PVA gel electrolytes. Both electrolytes 

have quasi-rectangular CV curves and the areal capacitance was 1.28 mF/cm2 at 

2 mV/s for the case of a 1.2 mm/min scan speed with 0.03 mol of H3PO4-PVA 

gel electrolyte. This value became 1.47 mF/cm2 at 2 mV/s when the concentration 

of H3PO4 was increased to 0.06 mol and increased to 1.67 mF/cm2 at 2 mV/s for 

the case of 0.09 mol of H3PO4. It appears that the areal capacitance increases 

gradually while increasing the concentration in the range of 0.03-0.09 mol. These 

results confirm the assumption that the high ion concentration cloud improves the 

areal capacitance value, which also agrees with previous research[147, 148]. The 

capacitance of graphene electrode is mainly due to the diffusion of ions from the 

electrolyte to the surface of the electrode, and the rate of the whole electrode 
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reaction will be enhanced if the diffusion resistance is decreased. In this sense, a 

high concentration of H3PO4-PVA gel electrolyte with a high ionic conductivity 

will provide a low diffusion resistance. The diffusion resistance (Rct: charge 

transfer resistance) can be seen in the Nyquist plot. Previous studies have also 

found that there is a relationship between the specific capacitance of the activated 

carbons and the electrolyte conductivity, i.e., the specific capacitance increased 

with increasing electrolyte conductivity[149]. For 0.06 mol of H3PO4, the 

oxidation and reduction peak at ~0.4 and 0.25 V in Figure 9(a) are corresponding 

to the pseudocapacitance after phosphorus-doping in graphene layers[150-152]. 

The doping of phosphorus may be happened during the electrochemical 

measurement due to the porous structure of the carbon atoms. The existence of 

phosphorus atoms introduces a positive charge on the neighboring carbon atoms 

and creates centers for oxygen reduction reaction[151]. Also, in case of 0.09 mol 

of H3PO4, there is a small oxidation and reduction humps at the same potentials 

due to the same reason. The samples with relatively low concentration of H3PO4 

(0.03 mol) did not showed the oxidation and reduction peak in CV curves. 

Therefore, relatively high concentration of H3PO4 may easily create the doping 

of phosphorus during the electrochemical measurement. The reactions related to 

pseudocapacitance can be considered as follows[153, 154]: 

𝐶𝐶/
\ − 𝑂𝑂𝑂𝑂 ⇌ 𝐶𝐶 = 𝑂𝑂 + 𝑂𝑂+ + 𝑒𝑒−………….... 3.2 

𝐶𝐶/
\ = 𝑂𝑂 + 𝑒𝑒− ⇌ 𝐶𝐶 − 𝑂𝑂−………….... 3.3 

The redox reaction attributed to the reversible quinone/hydroquinone pair. 
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Figure 14 CV curves of (a) 0.06, (b) 0.09 mol of H3PO4 gel electrolyte with a 
1.2 mm/min scan speed electrode, and (c) the calculated areal capacitance for 

0.06 and 0.09 mol of H3PO4 gel electrolyte with a 1.2 mm/min scan speed 
electrode. 

The galvanostatic charge-discharge curves for the supercapacitors 

assembled from the deposited films, with different scan speeds (0.4, 0.8 and 1.2 

mm/min), in Figure 15 (a-c), and 0.03, 0.06 and 0.09 mol of H3PO4-PVA gel 

electrolyte, in Figure 16, were investigated at current densities 0.01 to 0.1 mA. 

The areal capacitance was calculated from the CV curves using the formula 

Ca= I
dV

dt�
………….... 3.4 

where I is the current density and dV/dt is the slope of discharge curve after the 

iR drop. Figure 15 (a-c) shows the galvanostatic charge-discharge curves for all 

of the supercapacitors, linear charge and discharge curves with a neglectable iR 
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drop, indicating that the electrodes have a lower internal resistance, which leads 

to better EDL performance. The areal capacitance calculated from discharge 

curves is shown in Figure 15 (d). The results are in agreement with cyclic 

voltammetry, where the areal capacitance is increased by controlling the 

thickness of the deposited films by the scan speed of the deposition, for 0.03 mol 

of H3PO4-PVA gel electrolyte the areal capacitance was 0.39 mF/cm2 for the case 

of a 0.4 mm/min scan speed. This value increased to 1.07 mF/cm2 when the 

thickness of the deposited film decreased by increasing the scan speed to 1.2 

mm/min. Also increasing the concentration of H3PO4 in the gel electrolyte from 

0.03 to 0.09 mol improves the areal capacitance, which increased to 1.2 mF/cm2 

for the case of a 1.2 mm/min scan speed with 0.09 mol of H3PO4-PVA gel 

electrolyte. All areal capacitances are calculated from galvanostatic charge-

discharge at 0.01 mA of current. 

Figure 15 (a-c) Galvanostatic charge/ discharge curves of 0.03 mol of H3PO4 
gel electrolyte with different scan speeds, (d) Calculated specific areal 

capacitance from charge/ discharge curves. 



58 

Figure 16 galvanostatic charge/ discharge curves of (a) 0.06, (b) 0.09 mol of 
H3PO4 gel electrolyte with a 1.2 mm/min scan speed electrode, and (c) the 

calculated areal capacitance for 0.06 and 0.09 mol of H3PO4 gel electrolyte 
with a 1.2 mm/min scan speed electrode. 

Other researchers previously have reported areal capacitances of 3.7 and 

2.13 mF/cm2 by CVD[129] and CVD with chemical treatment[155]. The 

supercapacitor prepared by NPDS shows an areal capacitance 1.67 mF/cm2; even 

though the value is smaller than those found by other researchers, but the 

fabrication process is much easier, cheaper, and it can be easily applied in 

industry because it allows a large area deposition in a small amount of time. The 

supercapacitor prepared by NPDS is superior to those produced by many other, 

techniques such as LBL (394 µF/cm2)[156], electrochemical reduction of GO 

(487 µF/cm2)[157], vertically oriented graphene (0.087 mF/cm2)[158], graphene–
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CNT carpets (0.23 mF/cm2)[159], and graphene–PEDOT: PSS hybrid films 

(0.179 mF/cm2)[160]. 

Electrochemical impedance spectroscopy (EIS) measurements were 

carried out to understand the electrochemical details in the frequency range from 

1 Hz to 1 MHz with an open-circuit voltage and an AC amplitude of 10 mV.  

As shown in Figure 17 (a), the fabricated supercapacitors from the three 

electrodes deposited with different scan speed (0.4, 0.8 and 1.2 mm/min) and 0.03 

mol H3PO4-PVA all exhibited typical AC impedance characteristics of 

supercapacitors[53]. In the high-frequency region (Figure 17 (a) enlarge view), 

the intercept with a real impedance (Z´) represents an equivalent series resistance 

(Rs), which includes the resistance of electrode materials, ionic resistance of 

electrolyte, and contact resistance between the electrode and current collector; the 

radius of semicircle is indicative of the electrode conductivity and the charge-

transfer resistance (Rct) of electrode materials. Rs is estimated to be around 1.1 Ω 

for a 0.4 mm/min scan speed electrode, which was larger than that given by a 0.8 

mm/min electrode scan speed (0.97 Ω) and 1.2 mm/min scan speed electrode 

(0.85 Ω). The semicircle diameter represents the value of Rct obtained for the 

three electrodes and has a small diameter. This may be due to the formation of 

graphene-graphite structures on the surface of the 0.4 mm/min scan speed 

electrode; the amount of this formation may have decreased when the scan speed 

is increased to 0.8 and 1.2 mm/min, thus improving the impedance of the 

electrodes. In the intermediate frequency region, the slope of the 45° portion of 

the curves is the Warburg resistance, which represents the ion diffusion/transport 

in the electrolyte. In the low-frequency region, the capacitive behavior of the 1.2 

mm/min scan speed electrode is evident in the curve. The curve is slightly bent 

but overall exhibits a good capacitive performance. 

Nyquist plots of the three typical 1.2 mm/min scan speed electrodes with 

0.03, 0.06 and 0.09 mol H3PO4–PVA electrolytes were measured, as shown in 
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Figure 17 (b). Rs values were 0.85, 0.62, and 0.42 Ω respectively, the 

supercapacitor fabricated with 0.09 mol H3PO4–PVA electrolyte exhibits a lower 

internal resistance and a smaller semicircular diameter at high frequencies, 

indicating a better interface between the electrolyte and electrode. The 

conductivity is dependent on the concentration of the H3PO4 in the gel electrolyte; 

as the H3PO4 concentration increases, the conductivity also increases, meaning 

the value of Rs decreases as the concentration increases. As a result of increasing 

the conductivity, mobility of the H3PO4 is increased; this can consequently 

decrease the value of Rct, which is represented by the radius of semicircle. This 

result agrees with previous reports[129, 161]. 
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Figure 17 Nyquist plots of (a) 0.03 mol of H3PO4 gel electrolyte with different 
scan speeds, (b) 0.03, 0.06 and 0.09 mol of H3PO4 gel electrolyte with a 1.2 

mm/min scan speed electrode. 
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The cyclic stability of the deposited film with a 1.2 mm/min scan speed 

and 0.09 mol of H3PO4-PVA was investigated at current 0.06 mA, repeating the 

galvanostatic charge/discharge measurement ranging from 0 to 1 V. As shown in 

Figure 18, the supercapacitor has a coulombic efficiency of 98% at the beginning, 

which decreased to 95% after 5000 cycles. The good cycling performance of the 

electrode material indicated a good stability and strong adherence to the stainless-

steel substrate. The good cycling stability can be attributed to two reasons. The 

first reason is that the few-layer graphene nanoflake structure is randomly 

oriented on the substrate, which allows the electrolyte ions to diffuse through the 

graphene layers, leading to a good improvement in the electrochemical 

performance of the supercapacitor. The second reason is the mechanical stability 

caused by the strong adherence of the few-layer graphene nanoflake structures on 

the stainless-steel substrate. The degradation in the coulombic efficiency after 

5000 cycles is likely due to the consumption of the electrolyte as a result of 

irreversible reactions between the graphene electrode and the H3PO4-PVA gel 

electrolyte. 

Figure 18 Charge /discharge stability over 5000 cycles for a 1.2 mm/min scan 
speed and 0.09 mol of H3PO4- PVA at a current of 0.06 mA. 
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3.4 Summary 

In this research, a vacuum kinetic spray was used to deposit micro-sized 

graphite powder on stainless steel substrate at room temperature and low-pressure 

conditions. The NPDS results in the formation of randomly oriented few-layer 

graphene nano-flakes; as confirmed by FE-SEM, HR-TEM, XRD, and Raman 

spectroscopy. Some of the graphite particles fragmented to graphene nano-flakes 

and some particles did not fragment and were converted to graphite particles with 

a smaller size than the particles in the original graphite powder. The amount of 

graphite structure on the deposited films decreases with an increase in the 

deposition scan speed.  

The electrochemical capacitive behavior of the supercapacitors assembled 

from the deposited films using NPDS, with 0.03 mol PVA-H3PO4, showed an 

areal capacitance comparable to other research, and it was improved by 

increasing scan speed of the deposition. Also, increasing the amount of H3PO4 in 

the PVA gel electrolyte can improve the areal capacitance. The very affordably 

fabricated supercapacitor with 0.09 mol H3PO4-PVA gel electrolyte, produced 

with a 1.2 mm/min deposition scan speed, showed a good stability over 5000 

cycles. 
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Chapter 4 

Symmetric Supercapacitor 

Based on MoS2-Graphite 

Composite 
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4.1 Background 

Recently, the claim for energy storage devices has become a significant 

problem and attracted worldwide attention. Supercapacitors or electrochemical 

capacitors are considered as promising electrochemical storage devices on 

account of their high energy density, fast charging/discharging rate, long cyclic 

stability and easy layout[5, 6, 8]. Generally, supercapacitors can be sorted into 

two types according to their charging techniques. The first type is comprised of 

electric double-layer capacitors (EDLCs), in such kind of capacitors, the storage 

mechanism is based on the interface layer formed between the liquid/solid 

(electrolyte/electrode) surface. High conductivity and large surface area carbon 

materials, such as activated carbon, graphene, carbon nanotubes, and reduced 

graphene oxide are used as the electrode materials for EDLCs[97, 162-169]. The 

second type is comprised of pseudocapacitors, wherein the storage mechanism is 

via fast and reversible faradaic reactions on the electrode materials. Typical 

pseudocapacitive materials include transition metal oxides/hydroxides, metal 

chalcogenides, and conducting polymers and their composites. They hold a much 

higher energy density but have unsatisfactory cycle stability and rate capability. 

Thus, their power density is generally low[96, 170-172]. 

Molybdenum disulfide (MoS2) is belonging to the family of transition-

metal dichalcogenides (TMDs) and has been shown to be a promising electrode 

material for supercapacitors due to its high theoretical specific capacitance and 

layered structure. The origin of the large specific surface area is the structure of 

MoS2, which is composed of a Mo layer sandwiched between two sulfur layers 

by a covalent bond. The adjacent two layers are stacked together with a weak van 

der Waal interaction, which is like the graphite structure. MoS2 layers can be 

exfoliated to a single layer or a few layers by different chemical or physical 

approaches[173-175].  
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Recently, the researchers have focused on MoS2 as a supercapacitor mainly 

because it has a theoretical capacity that is larger than that of graphite[176]  and 

a faster ionic conductivity than oxides[177]. As well as its electric double-layer 

capacitance, MoS2 provides a pseudocapacitance at low scan rates because of the 

electrolyte ions transfer into the layers of MoS2, which improves its charging 

behavior. But because of the 2H phase of MoS2 (stacking sequences of trigonal 

prismatic) which has a band gap of 2 eV for monolayer, which makes MoS2 a 

poor conductor. To increase the electrical conductivity of MoS2, composite 

electrodes consists of graphene/MoS2[178] and polyaniline/MoS2[176] have been 

studied. However, the electrochemical performance of MoS2/graphene hybrid 

electrodes is quite different from those of graphene[176, 179] and MXene 

electrodes[173]. Only a few previous reports on MoS2 composite supercapacitors 

address intricate synthesis approaches using toxic-reducing agents and high 

temperatures[180-182]. The present study focused on developing a facile low-

temperature method to prepare high-performance MoS2 composites. 

The promising and facile strategy of the vacuum kinetic spray method at 

room temperature and low-pressure conditions was used to deposit the MoS2-

graphite composite from MoS2-graphite powder mechanically mixed by ball 

milling. One of the vacuum kinetic spray methods is known as the nanoparticle 

deposition system (NPDS). NPDS presents a facile, low cost and environmentally 

friendly deposition method which can deposit both metals and ceramics, such as 

tin, nickel, Al2O3, TiO2, and WO3 at a low temperature without any binding 

chemicals. Additionally, few-layer graphene nanoflakes have been successfully 

deposited using this vacuum kinetic spray for supercapacitor applications[80, 91, 

92, 183-185]. Also, vacuum cold spray method was used to deposit composites 

such as hydroxyapatite/graphene-nanosheet for the biomedical application[186] 

and polyimide-copper coating for antifouling applications[187]. 
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In this study, MoS2 and graphite micro-sized powders were mechanically 

mixed by ball milling with different compositions (5, 10, 15, 20, 25 and 30% wt. 

of MoS2). The NPDS was used to deposit the composite powder. The 

electrochemical performances of the all-solid-state supercapacitors were 

evaluated in a two-electrode system by using cyclic voltammetry (CV), 

galvanostatic charge/discharge (GCD), and electrochemical impedance 

spectroscopy (EIS) to determine the best composition ratio. The surface 

morphology for the bulk and composite powders and deposited films were 

analyzed by a field emission electron microscope (FE-SEM), X-ray diffraction 

(XRD), and Raman spectroscopy. 

4.2 Experiment 

4.2.1 MoS2-graphite powder mixing 

Ball milling (GLBM-G, Global Lab Co., Ltd., Korea) was used to mix 

different compositions of MoS2 and graphite powders with compositions 5, 10, 

15, 20, 25 and 30% wt. of MoS2 for 20 h. Stainless steel balls with a 5 mm 

diameter were used in this process. The ball-to-mass ratio was 20:1 and the 

rotation speed was 600 rpm. 

4.2.2 MoS2-graphite composite deposition 

The NPDS consisted of an air compressor, powder feeder, nozzle, vacuum 

chamber, vacuum pump, and controller, as in Figure 6. The air compressor 

supplies compressed air to carry MoS2-graphite powder from the powder feeder 

to the nozzle. In this research, a slit converging-diverging nozzle with dimensions 

of 50 × 0. 2 mm2 was used to accelerate the powder for a large-area deposition. 

The process parameters are shown in Table 6. 



68 

Table 6 Process parameters for MoS2-graphite composite deposition on a 
stainless-steel substrate 

Parameter Value 

Compressor pressure (MPa) 0.3 

SoD (mm) 5 

Piston speed (mm min-1) 17 

Brush speed (rpm) 7000 

Scan speed (μm s-1) 100 

Chamber pressure (MPa) 0.0427 

Deposition shape 2x5 cm2 

Substrate material AISI 304 

4.3 Results and Discussion 

4.3.1 Surface Morphology 

The surface morphologies of the bulk MoS2, the bulk graphite, the 

mechanically mixed MoS2-graphite, and the deposited 15% MoS2-graphite 

composite on a stainless-steel substrate were observed by FE-SEM. Figure 19 (a, 

b) clearly show that the bulk MoS2 powder has irregular flakes with a lateral size

less than 2 μm, and the lateral size of the bulk graphite powder is larger than 10

µm with an irregular shape. After mixing by ball milling, as shown in Figure 19

(c), the MoS2 flakes were well attached to the graphite flakes. The lateral sizes of

the MoS2 and graphite were the same as those of the bulk powders. After

deposition, as shown in Figure 19 (d-f), the graphite fragmented to smaller flakes

of less than several micrometers in size. A small amount of the graphite particles

was less than 100 nm. In addition, the MoS2 particles were fragmented to smaller

particles of less than 1 µm in size, and some particles were less than 200 nm in

size. The deposited MoS2-graphite composite exhibited smaller size particles than

the mechanically mixed 15% MoS2-graphite powder. The orientation of the
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particle appears random during deposition owing to the high impact velocity 

between the powder and the substrate. The composite particles are fragmented to 

smaller flakes and are randomly oriented. 

Figure 19 FE-SEM images of (a) bulk MoS2, (b) bulk graphite, (c) mechanically 
mixed 15% MoS2-graphite powder, and (d–f) 15% MoS2-graphite deposited 

composite on stainless steel. 
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The cross-sectional image of the deposition prepared by focused ion beam 

show that the thickness of the deposition is ranging from 3.3 to 5 µm depending 

on the position as shown in Figure 20 (a). Also, the cross-sectional view indicates 

that the deposition is very dense with average porosity of less than 2%. The 

enlarged view of the cross-sectional SEM image, Figure 20 (b), suggests that the 

interface between the deposition and the substrate is shown almost no pores. The 

EDS was performed for the mechanically mixed 15% MoS2-graphite composite 

powder as shown in  Figure 20 (c), and the 15% MoS2-graphite deposited 

composite film on stainless steel from the cross-section SEM as shown in Figure 

20 (d). The contents of Mo, S, and C from powder and film were summarized in 

Table 7. The EDS results confirmed that the weight ratio of MoS2 to graphite did 

was slightly changed after deposition. 

Figure 20 (a) the cross-sectional SEM image, (b) enlarged cross-sectional SEM 
image of 15% MoS2-graphite deposited composite on stainless steel, (c) FE-
SEM and EDS of mechanically mixed 15% MoS2-graphite composite powder, 

and (d) SEM and EDS of 15% MoS2-graphite deposited composite on stainless 
steel. 
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Table 7 Composition ratio of 15% MoS2-graphite composite before and after the 
deposition 

mechanically mixed 15% 

MoS2-graphite composite 

powder 

15% MoS2-graphite deposited 

composite on stainless steel 

Weight % Weight % 

C 86.04 85.8 

S 3.72 3.4 

Mo 10.24 10.8 

MoS2: 

Graphite 

13.96 14.2 

4.3.2 XRD 

The crystalline nature of the bulk MoS2, bulk graphite, mechanically mixed 

MoS2-graphite, and deposited MoS2-graphite composite was measured using 

XRD, as shown in Figure 21. The XRD spectrum of the graphite powder shows 

a sharp and intensive peak (002) at 2θ=26.39o, which is corresponding to the 

direction perpendicular (c-axis) to the graphite hexagonal plane. This peak 

indicates the highly organized layered structure with an interplanar spacing of 

0.365 nm. The diffraction pattern of the bulk MoS2 shows strong, sharp 2θ peaks 

at 14.261o, 32.572o, 39.429o, 44.029o, 49.677o, 58.218o and 60.02o, which 

corresponding to the (002), (100), (103), (006), (105), (110) and (008) planes, 

respectively. These peaks have a good matching with the previous reports on the 

hexagonal structure of MoS2 (JCPDS card no. 37-1492)[188]. When MoS2 and 

graphite were mechanically mixed by ball milling, both diffraction peaks of pure 
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MoS2 and graphite appear in the pattern, which confirms that MoS2 and graphite 

were successfully combined to form the MoS2-graphite composite. After 

deposition, the peaks corresponding to the (100), (103), and (105) planes of the 

MoS2 have vanished. The peak due to the (002) plane of the MoS2 still appears at 

14.193o. Also, peaks at 43.968o and 59.96o can be detected, corresponding to 

(006) and (008), respectively. These characteristics arise from the restacking of

the hexagonal structure of MoS2 layers. The full width at half maximum (FWHM)

for the peak corresponding to the MoS2 (002) plane is 0.168 for the bulk MoS2

and 0.215 for the deposited MoS2-graphite composite. The existence of peaks

with high diffraction angles and planes such as (002), (006), and (008), in addition

to the disappearance of the (100), (103), and (105) planes, are reliable with a

restacking of the exfoliated sheets during the ball milling process. Recently, it

was reported that the exfoliation of 2D TMD nanosheets by ball milling with high

quality still displayed prominent peaks at higher angles[189]. Moreover, a clear

peak appeared at 26.36o, corresponding to the graphite (002) peak. The FWHM

of the deposited MoS2-graphite composite was 0.25, which indicates the decrease

in particle size of the graphite particles because of the fragmentation of the

particles during the deposition since the FWHM was 0.172 for the MoS2-graphite

composite powder. After deposition, the MoS2-graphite composite fragmented to

a smaller size and it may show an exfoliation of MoS2 layers after deposition of

the composite.
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Figure 21 XRD results of bulk MoS2, bulk graphite, mechanically mixed 15% 
MoS2-graphite powder, and 15% MoS2-graphite deposited composite on 

stainless steel. 

4.3.3 Raman Spectroscopy 

For further characterization, Raman spectra were measured for the bulk 

MoS2, bulk graphite, mechanically mixed MoS2-graphite, and deposited MoS2-

graphite composite. As shown in Figure 22, the D, G, and 2D peaks appear in 

1350, 1579, and 2717 cm−1, respectively, in the case of the bulk graphite, and 

1350, 1579 and 2717 cm−1 for the mechanically mixed MoS2-graphite. The G and 

2D peaks are shifted to 1583 and 2706 cm−1 for the deposited MoS2-graphite 

composite, which confirms that the layers of graphite particles were fragmented 

owing to the high impact velocity during deposition on the stainless steel[134, 

140]. Furthermore, the shift in the 2D peak to lower energy indicates that, during 

deposition of the composite, the layers of graphite particles separated to a smaller 

number of layers. Additionally, the increase of the D peak intensity after 

deposition indicates the amount of disorder in the deposited film[141, 142, 190]. 
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For bulk MoS2, there are two strong signals at 375.6 and 403.5 cm−1, 

corresponding to the in-plane mode 𝐸𝐸2𝑔𝑔1  and out-of-plane A1g. Compared to the 

mechanically mixed powder and deposited MoS2-graphite composite, 𝐸𝐸2𝑔𝑔1  and 

A1g modes appear at 380.25 and 408.09 cm−1, respectively, for both cases. 

Meanwhile, the difference in the Raman shift is 27.84 cm−1, which is the same as 

the bulk MoS2. This result is different from previous reports, namely the Raman 

peak of in-plane 𝐸𝐸2𝑔𝑔1  has a blue shift and the Raman peak of out-of-plane A1g has 

a red shift. This abnormal Raman result is possibly related to an exfoliation 

mechanism[191]. The result also differs in that the obtained composite comprises 

MoS2 and graphite. 

Figure 22 Raman spectra of bulk MoS2, bulk graphite, mechanically mixed 15% 
MoS2-graphite powder, and deposited 15% MoS2-graphite composite on 

stainless steel. 
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4.3.4 Electrochemical performance 

To evaluate the electrochemical performance of the MoS2-graphite 

composite supercapacitor, cyclic voltammetry, and galvanostatic 

charge/discharge tests were performed. Figure 23 (a) shows the CV curves of the 

pure graphite and the MoS2-graphite composite with supercapacitors of different 

composition ratios (5–30% wt.). The CV curves were measured at the scan rate 

of 20 mV/s and the potential window ranged from 0 to 1 V. The areal capacitance 

was calculated in Figure 23 (c) from the CV curves using the formula: 

𝑐𝑐𝑎𝑎 = ∫ 𝐼𝐼𝑑𝑑𝑉𝑉
𝑠𝑠𝑠𝑠∆𝑉𝑉

 ………….... 4.1 

where I is the response current, s denotes the scan rate, ΔV is the potential 

window, and A is the area of the electrode in contact with the electrolyte. The CV 

curves of the supercapacitors are symmetrical and have a semi-rectangular shape 

at the scan rate of 20 mV/s over a 1 V potential window, which is typical of an 

ideal capacitor. The electrosorption of H3PO4 ions on the surface of the film leads 

the rectangular shape of CV curves to be changed[192, 193]. The area of the CV 

curves of the MoS2-graphite composite is larger than those of pure graphite, 

indicating a higher specific capacitance. The value of capacitance was 4.14 

mF/cm2 at a 15% composition ratio, which was the maximum value among the 

pure graphite supercapacitor and other MoS2-graphite composite supercapacitors 

with different composition ratios. 

Furthermore, the same result was measured by galvanostatic 

charge/discharge, as shown in Figure 23 (b), which was measured for the pure 

graphite supercapacitor and the MoS2-graphite composite supercapacitors at a 

current 0.04 mA between 0 to 1 V potential. The areal capacitance was calculated 

in Figure 23 (c) from the charge/discharge curves using the formula: 
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𝑐𝑐𝑎𝑎 = 𝐼𝐼

𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
 ………….... 4.2 

where I is the current, A denotes the area of the electrode in contact with the 

electrolyte, and dV/dt is the slope of the discharge curve after the IR drop. The 

galvanostatic charge/ discharge curves for graphite and MoS2-graphite composite 

supercapacitors showed linear charging and discharging variation with a small IR 

drop, showing that the electrodes had a lower internal resistance, leading to a 

better electric double-layer performance. At a 15% MoS2 composition ratio, the 

specific capacitance was 3.77 mF/cm2, which was the highest value among the 

pure graphite supercapacitor and other MoS2-graphite composite supercapacitors 

with different composition ratios. The small MoS2 content is not enough to 

increase capacitance values, while the large amount of MoS2 may suffer from 

restacking and volume variation during charging/discharging. The great 

performance of the 15% MoS2-graphite composite is attributed to the balance 

between highly conductive graphite combined with a proper amount of MoS2 

flakes to prevent restacking and provide extra surface area. 
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Figure 23 (a) CV curves at a scan rate of 20 mV/s, (b) galvanostatic charge/ 
discharge at a current of 0.04 mA, and (c) specific areal capacitance calculated 

from CV curves and galvanostatic charge/discharge of graphite and MoS2-
graphite composite supercapacitors with different composition ratios ranging 

from 5 to 30%. 

In a further evaluation, the CV curves for the 15% MoS2-graphite 

composite supercapacitor were measured at different scan rates ranging from 2 to 

100 mV/s over potential window ranging from 0 to 1V. As shown in Figure 24 

(a), the CV curves have a rectangular shape at the different scan rates (2 to 100 

mV/s) over a potential window of 1 V with anodic peaks, indicating that the 15% 

MoS2-graphite composite supercapacitor has an EDLC effect combined with 

pseudocapacitance. The anodic peak around 0.6 V is observed only at slow scan 

rates below 20 mV/s, the slow scan rate allows the H3PO4 ions to diffuse into the 

MoS2 layers, where there are more sites for redox charge transfer. One possible 
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mechanism is the electrochemical adsorption of H+ ions into the MoS2 layers 

described by the following equation[192, 193] 

𝑀𝑀𝑀𝑀𝑆𝑆2 + 𝑂𝑂+ ⇌ 𝑀𝑀𝑀𝑀𝑆𝑆 − 𝑆𝑆𝑂𝑂 ………….... 4.3 

The other anodic peak around 0.2 V may be corresponding to the faradic 

reaction of the oxygen groups (quinone/hydroquinone pair) formed into the 

graphite layers which is described as follows[194, 195]:  

𝐶𝐶/
\ − 𝑂𝑂𝑂𝑂 ⇌ 𝐶𝐶 = 𝑂𝑂 + 𝑂𝑂+ + 𝑒𝑒−………….... 4.4 

𝐶𝐶/
\ = 𝑂𝑂 + 𝑒𝑒− ⇌ 𝐶𝐶 − 𝑂𝑂−………….... 4.5 

The value of the specific capacitance was 5.1 mF/cm2 at 2 mV/s, which 

was about eight times greater than that of the pure graphite supercapacitor. This 

value is comparable with the results obtained previously by other researchers. As 

reported previously, the MoS2-graphene composite (1:3 weight ratio) prepared by 

solution phase exfoliation showed a specific capacitance of 11 mF/cm2 at 5 mV/s 

after cycling for 10,000 cycles[196]. The MoS2@S-RGO microsupercapacitor 

consisting of sulfonated reduced graphene oxide (S-RGO) and MoS2 nanoflowers 

showed a specific capacitance of 6.56 mF/cm2 in KOH-PVA gel electrolyte[197]. 

Figure 24 (b) shows the galvanostatic charge/discharge curves obtained 

with 15% MoS2-graphite composite electrodes by using two-electrode system at 

different currents ranging from 0.01 mA to 0.1 mA in the potential window from 

0 to 1 V. The curve is nearly symmetric, and the time needed for charging and 

discharging is almost same, suggesting a good capacitive behavior. The IR 

voltage drop is observed to be negligible, which shows that the electrode has a 

small internal resistance. The value of the specific capacitance shown in Figure 

24 (c) was 4.5 mF/cm2 at 0.01 mA, which was approximately 11 times higher 

than that of the pure graphite electrode. 
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Figure 24 (a) CV curves at different scan rates of 2–100 mV/s, (b) galvanostatic 
charge/ discharge at a current range of 0.1–0.01 mA, (c) specific areal 

capacitance calculated from CV curves and galvanostatic charge/discharge, 
and (d) cycling performance of 15% MoS2-graphite composite supercapacitor, 
(e) the charge/discharge of first 5 cycles and last 4 cycles, (f) Nyquist plots of

15% MoS2-graphite composite supercapacitor. 

The cycling stability of the 15% MoS2-graphite composite was evaluated 

by repeating the galvanostatic charge/discharge test between 0 and 1 V at a 

current density of 0.5 mA for 10,000 cycles. Figure 24 (d) shows the performance 

of the 15% MoS2-graphite composite electrode before and after the cycling test. 
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The charging/discharging time was almost the same before and after the cycling 

test as shown in Figure 24 (e). The supercapacitor has a retention of 80% of the 

initial value. The supercapacitor has a coulombic efficiency, which is gradually 

increased in the 1,000th cycle until reached a 99% coulombic efficiency. It is 

maintained constant until 10,000 cycles. The good cycling performance of the 

electrode material indicates good stability and strong adherence of MoS2-graphite 

thin film to the stainless-steel substrate. 

Electrochemical impedance spectroscopy provides information about the 

equivalent series resistance of electrode material and the charge transfer 

resistance between the electrode and the electrolyte. The impedance spectrum for 

the MoS2-graphite composite is shown in Figure 24 (f). The spectrum is 

investigated using Nyquist plots. The charge transfer resistance (Rct) can be 

calculated from the diameter of the semicircle in the high-frequency region, and 

the straight line in the low-frequency region represents an ideal capacitive 

behavior. The diameter of the semicircle is equal to the charge transfer resistance 

(Rct) in the cell which is measured to be 1.97 Ω. The solution resistance (Rs) for 

the MoS2-graphite composite is found to be 1.86 Ω. This indicates that the MoS2-

graphite composite electrode has low charge transfer resistance, and the 

composite, therefore, shows high specific capacitance. These results are 

consistent with those obtained in the CV results. 

4.4 Summary 

In this study, MoS2 powder and graphite powder were mechanically mixed 

by ball milling with different composition ratios (5–30% wt. of MoS2). NPDS 

was used to deposit pure graphite and MoS2- graphite composites on a stainless-

steel substrate at room temperature under a low vacuum condition with no 

chemicals. The NPDS thus provides low-cost facile preparation of the MoS2-

graphite supercapacitor having a high specific areal capacitance at room 
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temperature under a low vacuum condition with commercially available low-cost 

micro-sized powders (not nano-sized) without any toxic chemicals. The surface 

morphology of the 15% MoS2-graphite composite before and after the deposition 

was analyzed, and it was confirmed that the composite powder was fragmented 

to structures smaller in size than the bulk powders. The fragmentation and layer 

thinning of the MoS2-graphite flakes could be clearly observed by XRD pattern 

and Raman spectra. The deposited films were used as an electrode for the all-

solid-state supercapacitor and the H3PO4-PVA gel electrolyte was used as a 

separator. The electrochemical performances of the fabricated all-solid-state 

supercapacitors were checked by CV and galvanostatic charge/discharge. The 

results showed that, among the supercapacitors, a 15% MoS2–graphite 

composition ratio showed the best performance of 5.1 mF/cm2 at 2 mV/s. The 

supercapacitor had good cycling stability until 10,000 cycles and low internal 

resistance.  
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Chapter 5 

Deposition of Ni(OH)2 on 

nickel substrate using 

vacuum kinetic spray and its 

application to high-

performance supercapacitor 
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5.1 Background 

The requirement of energy storage devices for wearable and portable devices, 

electrical and hybrid automobiles attracted a lot of researchers to focus their study 

on the supercapacitors. Supercapacitors or electrochemical capacitors have high-

power density, ultrafast charging-discharging capability, and long durability than 

the conventional rechargeable batteries, and it has the ability to accumulate higher 

energy than the commercial capacitors[1, 5, 7]. According to the electric energy 

storage technique, there are two sorts of supercapacitors, electrochemical double-

layer capacitors (ELDCs) and pseudocapacitors. ELDCs store energy at the 

electrode-electrolyte (solid-liquid) boundary, whereas in pseudocapacitors 

energy is stored by a reversible electrochemical redox reaction of the electrode 

material. Relative to ELDCs, pseudocapacitors have theoretically higher specific 

capacitance and thus draw interesting research attention. Several transition metal 

oxides or hydroxides, such as RuO2[52, 198-200], MnO2[201-203], NiO[204, 

205], Co3O4[206-208], and Co(OH)2[209-211] exhibits high performance as 

active materials for pseudocapacitors. Among various pseudocapacitive 

materials, nickel hydroxide (Ni(OH)2) is an attractive candidate for 

pseudocapacitors due to its high theoretical capacitance caused by the large 

interlayer spacing, low-cost, well-defined redox activity, and eco-friendly 

characteristics[212, 213]. The electrochemical performance of Ni(OH)2 

supercapacitors depend strongly on the morphology and crystal structure directly 

related to the fabrication techniques. Several morphologies and crystal structures 

of Ni(OH)2 have been prepared by various techniques. Few-layered Ni(OH)2 

nanosheets were prepared by a solvothermal method with a specific capacitance 

of 1837 F g-1 at 20 A g-1[214]. Spherical β-Ni(OH)2 superstructures were prepared 

by microwave-assisted synthesis with a specific capacitance of 2147 F g-1 at 1 A 

g-1[213]. Nanostructured Ni(OH)2  thin films were prepared by chemical bath

deposition with a specific capacitance of 610 F g-1 at scan rate 2 mV s-1[215]. An
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open-ended hexagonal nanotube nickel hydroxide electrode was fabricated by 

hydrolysis of NiCl2 and hexagonal ZnO nanorods with a specific capacitance of 

1328 F g-1 at 1 A g-1[216]. However, the above techniques involve high 

temperature or complex processes.  

In this research, direct deposition of Ni(OH)2 on nickel sheet and nickel foam 

substrates was carried out at room temperature and low vacuum condition using 

one of the vacuum kinetic spray methods, nano-particle deposition system 

(NPDS). NPDS presents a facile, low cost and environmentally friendly 

deposition method, which can deposit both metals and metal oxides, such as Sn, 

Ni, Al2O3, TiO2, and WO3 at room temperature without any binders. 

Furthermore, few-layer graphene nanoflakes and MoS2-graphite composite 

thin films have been successfully deposited using this method[79, 81, 89, 91, 

92, 128, 185, 217]. The surface morphology and structures of the as-

purchased Ni(OH)2 powder, nickel substrate, and deposited Ni(OH)2 on nickel 

sheet substrates were studied by field-emission electron microscopy (FE-

SEM), X-ray diffraction (XRD), and Raman spectroscopy. The 

electrochemical performances of the deposited Ni(OH)2 on nickel sheet 

and nickel foam substrates were examined in a 3-electrode cell by using 

cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD). 

5.2 Experimental 

5.2.1 Ni(OH)2 Deposition on Ni sheets 

The NPDS comprised of an air compressor, powder feeder, nozzle, vacuum 

chamber, vacuum pump, and controller as shown in Figure 6. The air compressor 

supplies compressed air as a carrier gas to move micro-sized Ni(OH)2 powder 

from the powder feeder to the nozzle. The powder feeder controls the powder 

feeding rate by piston movement and brush. In this paper, the powder was 

accelerated through a rectangular opening converging-diverging nozzle with 
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outlet dimensions of 50 × 0.2 mm2. The process parameters are listed in Table 8. 

To study the deposition of Ni(OH)2 on nickel sheets, the deposition was carried 

with different carrier gas pressures and different stand-off distances (SoD) 

between the nozzle and substrate.   

Table 8 Process parameters for Ni(OH)2 deposition on a nickel sheet. 

Parameter Value 

Carrier gas pressure (MPa) 0.1 0.1 0.3 0.3 

SoD (mm) 2.5 5 2.5 5 

Piston speed (mm min-1) 2 

Brush speed (rpm) 7000 

Scan speed (µm s-1) 200 

Chamber pressure (MPa) 0.005 0.005 0.028 0.028 

Flow rate (l min-1) 10 10 40 40 

Substrate material Nickel sheet 

5.3 Results and Discussion 

5.3.1 Surface Morphology 

The surface morphology of the Ni(OH)2 powder, Ni sheets substrate, and 

the deposited Ni(OH)2 films with different carrier gas pressures and SoD were 

analysed with FE-SEM images, as shown in Figure 25 and Figure 26. In Figure 

25 (a) the FE-SEM images of the original Ni(OH)2 powder shows that the 

particles have a non-uniform size distribution of average size 8 μm. The Ni sheets 

in Figure 25 (b) are smooth and do not has any structure. The low magnification 

FE-SEM images in Figure 26 (a, c, e, and g) of the deposited Ni(OH)2 on Ni sheet 

substrate with different carrier gas pressures (0.1 and 0.3 MPa) at SoD of 2.5 and 
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5 mm show that the films are well covered. The high magnified FE-SEM images 

of the deposited films, as shown in  Figure 26 (b, d, f, and h), demonstrate that 

the micro-sized Ni(OH)2 particles were fragmented into nanostructures with 

irregular shape and oriented randomly. However, the effect of carrier gas pressure 

and SoD to Ni(OH)2 deposition on Ni sheet substrates could not clearly be 

confirmed with FE-SEM images. For further confirmation of the effect of carrier 

gas pressure and SoD, the deposition results were analyzed by the x-ray 

diffraction and Raman spectroscopy. 

Figure 25 FE-SEM images of (a) Ni(OH)2 powder and, (b) Ni sheet substrate. 
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Figure 26 FE-SEM images of the deposited Ni(OH)2thin films on Ni sheets with 
different deposition conditions, (a, b) 2.5 mm – 0.1 MPa, (c, d) 2.5 mm – 0.3 

MPa, (e, f) 5 mm – 0.1 MPa and, (g, h) 5 mm – 0.3 MPa (the right images are 
low-magnified, and the left images are high-magnified). 
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5.3.2 X-ray Diffraction 

The crystal structure of the original Ni(OH)2 powder, Ni sheets, and the 

deposited Ni(OH)2 film on the Ni sheet substrate were studied by X-ray 

diffraction (XRD). In Figure 27 (a and b), the XRD spectrum of the Ni(OH)2 

powder is well matched to a hexagonal β-Ni(OH)2 phase (JCPDS card No. 14-

0117). The XRD spectrum of the deposited Ni(OH)2 film on the nickel sheets 

substrate shows the peaks at 44.3, 51.6, and 76.2o corresponding to (111), (200), 

and (220) respectively, which is typically observed from the Ni sheet substrate. 

Furthermore, the (001) shows broadening and lower shifting in the XRD peak 

which indicates the fragmentation of micro-sized Ni(OH)2 powder to small 

crystalline Ni(OH)2 size during deposition. This result showed that the effect of 

carrier gas pressure may be more dominant than SoD, so the crystallite size 

becomes smaller by increasing the powder pressure from 0.1 MPa to 0.3 MPa in 

both SoDs 2.5 and 5 mm. The crystallite size of the Ni(OH)2 powder and 

deposited Ni(OH)2 films on Ni sheets with different conditions was calculated by 

the Scherrer equation and shown in Table 9. 
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Figure 27 (a) XRD spectra, (b) enlarged view of (001) XRD peak, (c) Raman 
spectra of Ni(OH)2 powder, nickel sheet, and deposited Ni(OH)2 films with 

powder pressure of 0.1 MPa and 0.3 MPa in both SoDs 2.5 and 5 mm, and (d) 
CV curves of deposited films on nickel sheet with powder pressure of 0.1 MPa 

and 0.3 MPa in both SoDs 2.5 and 5 mm . 
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Table 9 Crystallite size of the powder and deposited films with different 
deposition conditions for (001) XRD peak and FWHM of 3581 cm-1 Raman 
peak. 

Sample 2θ 

FWHM  

of (001)  

XRD peak 

Crystallite 

size  

(nm) 

FWHM of 3581 

cm-1 Raman

peak

Powder 19 1.93 4.36 10.94 

2.5 mm - 0.1 MPa 18.7 2.3 3.66 11.30 

2.5 mm - 0.3 MPa 18.65 3.73 2.25 11.69 

5 mm - 0.1 MPa 18.78 2.38 3.53 12.15 

5 mm - 0.3 MPa  18.5 4.59 1.83 16.17 

5.3.3 Raman Spectroscopy 

The Raman spectra of the original Ni(OH)2 powder, and the deposited 

Ni(OH)2 film on the nickel sheets substrates were shown in Figure 27 (c). The 

Ni(OH)2 powder has a peak at 311.67 cm-1 assigned from Eg lattice mode, 446.8 

cm-1 corresponds to A1g lattice mode, 3581 cm-1 corresponds to A1g O-H stretch

where only the hydrogen atom actually vibrates[218], and 3604 cm-1 due to the

disordered O-H stretch. These Raman modes were observed previously in the

same region[218-224]. The Raman spectra for the deposited films exhibit the

same behaviour of the powder except for the value of full-width at half-maximum

(FWHM) of the peak at 3581 cm-1. The FWHM of the peak at 3581 cm-1 increased

as the powder pressure of the deposition increased from 0.1 to 0.3 MPa, and the

broadening of the 3581 cm-1 peak with decreasing the crystallite size for Ni(OH)2

is also discussed by other researches[221, 225, 226]. This confirms that the

increase of the impact velocity due to increased powder pressure can show a
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higher degree of fragmentation and smaller crystallite size. Table 9 shows the 

relation between the carrier gas pressures, SoD, crystallite size calculated from 

XRD, and the FWHM of 3581 cm-1 peak from Raman spectra. 

5.3.4 Electrochemical performance 

The electrochemical performance of the deposited Ni(OH)2 films on Ni 

sheet with different deposition parameters were evaluated by cyclic voltammetry 

using a 3-electrode cell in 2M KOH aqueous solution at 10 mV s-1 scan rate within 

the potential window from 0 to 0.6 V (vs. Ag/AgCl). In the CV curves, as shown 

in Figure 27 (d), a couple of redox peaks is clearly detected, and this reveals that 

the origin of the capacity of the deposited Ni(OH)2 films on Ni sheet is due to 

faradic redox reaction. The anodic peak indicates oxidation of Ni(OH)2 to nickel 

oxyhydroxide (NiOOH), whereas the cathodic peak corresponds to the reverse 

process. The faradic reaction at the surface of Ni(OH)2 electrode is well defined 

by the following equation: 

Ni(OH)2 + OH− ↔ NiOOH + H2O + e−………….... 5.1

The specific capacitances were estimated from the CV curves according to 

the equation, 

Cm=ʃ I dV / (s m ΔV) ………….... 5.2 

where I represents the current, s denotes the scan rate, ΔV expresses the potential 

window, and m is the active material mass. It is clear that the deposition results 

with 5 mm of SoD and 0.3 MPa of carrier gas pressure shows the highest 

capacitance value among all deposition conditions. In addition, as shown in Table 

10, this film shows the largest potential difference between the anodic potential 

(Ea) and oxygen-evolution potential (Eo), which indicates that the electrode is 

more charged before oxygen-evolution. Also, this condition has the smallest 
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potential difference between the anodic (Ea) and cathodic (Ec) potentials, 

indicating better reversibility for this film[226, 227]. Thus, the deposition with 5 

mm of SoD and 0.3 MPa of carrier gas pressure is the best deposition condition 

as an electrode for supercapacitor application. This can be attributed to the 

smallest crystallite size as calculated from the XRD results in Table 9. 

Table 10 Characteristic potential data of the deposited films with different 
deposition conditions obtained from CV curves at 10 mV s-1.  

Sample 
Ea 

(mV) 

Eo 

(mV) 

Ec 

(mV) 

Eac 

(mV) 

Eoa 

(mV) 

Cm 

(F g-1) 

2.5 mm - 0.1 MPa 309.8 440.9 227.4 82.41 131.14 78.3 

2.5 mm - 0.3 MPa 301.5 440.1 218.6 82.89 138.65 87.1 

5 mm - 0.1 MPa 307.9 440.5 228.1 79.83 132.59 80.6 

5 mm - 0.3 MPa 299.9 440.1 220.1 79.83 140.23 141.4 

Ea: anodic potential, Ec: cathodic potential, Eo: oxygen-evolution potential, Eac: the potential 

difference between Ea and Ec, Eoa: the potential difference between Eo and Ea, and Cm: specific 

capacitance.

However, the capacitance of Ni(OH)2 deposition on nickel plate was not 

large enough for supercapacitors.  

5.3.5 Deposition of Ni(OH)2 on nickel foam 

Since nickel foam has been widely used as a substrate for electrode 

materials in supercapacitors due to its high porosity and large surface area, the 

condition of 5 mm of SoD and 0.3 MPa of carrier gas pressure was used to deposit 

Ni(OH)2 powder on Ni foam substrate.  
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The FE-SEM image of the nickel foam in Figure 28 (a) has a microporous 

structure, and the high-magnified FE-SEM image of the nickel foam shows quite 

smooth and clean surface as shown in Figure 28 (b, c). The low-magnified image 

of the deposited Ni(OH)2 film on nickel foam substrate has the similar 

microporous structure to the nickel foam as in  Figure 28 (d). The high-magnified 

FE-SEM image of the deposited film shows that the micro-sized Ni(OH)2 

particles were fragmented to nanosheets with irregular shape and were deposited 

with random orientation on the nickel  foam surface.  

Figure 28 FE-SEM images of (a-c) nickel foam, (d-f) deposited Ni(OH)2 on 
nickel foam substrate. 

In Figure 29 (a), the XRD spectrum of the deposited Ni(OH)2 film on the 

nickel foam substrate shows peaks at 44.25, 51.56, and 76.14o corresponding to 

(111), (200), and (220) respectively. These peaks are typically from the nickel 

foam substrate, and there are no more clear Ni(OH)2 peaks appeared in the 
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spectrum because the deposited film might be very thin and had high degree of 

disorder. 

The Raman spectrum of the deposited Ni(OH)2 film on nickel foam 

substrate shows peaks at 311.67, 446.8, 3581 and 3600 cm-1 as shown in Figure 

29 (b) and the peaks correspond to Eg lattice mode, A1g lattice mode, A1g O-H 

stretch, and the disordered O-H stretch, respectively. The FWHM of the peak at 

3581 cm-1 was 13.27 cm-1 and this result indicates high fragmentation degree of 

the micro-sized Ni(OH)2 powder due to the high velocity impact to the nickel 

foam substrate during the deposition. 

Figure 29 (a) XRD of nickel foam and deposited Ni(OH)2 on nickel foam 
substrate, (b) Raman spectrum of the deposited Ni(OH)2 on nickel foam 

substrate. 

The surface chemistry of the deposited Ni(OH)2 was analysed by X-ray 

photoelectron spectroscopy (XPS). Figure 30 (a) shows that the main elements 

including Ni, O, and C were detected. The presence of C may be due to the 

adsorbed atmospheric CO2 and sample storage in air. As shown in Figure 30 (b) 

for the high resolution scan of Ni 2p state, there are two major peaks with binding 

energies 857.74 eV and 874.94 eV corresponding to Ni 2p2/3 and 2p1/2 for 

Ni(OH)2, respectively.  The high-resolution scan of Ni 2p state also contains two 

additional satellite peaks at 863 eV and 880.81 eV which are attributed to 
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Ni(OH)2[228]. Additionally, there is a peak at 854.72 eV is due to NiO formed at 

the surface of the Ni foam substrate. Moreover, Figure 30 (c) shows the high-

resolution spectrum of O 1s. The strong peak at 530.32 eV corresponds to Ni-O-

H. After deconvolution of the O 1s spectrum, there were two additional peaks at 

531.8 eV attributed to Ni–O–Ni, which revealed that the nickel foam contains 

NiO[228], and 533.57 eV, which ascribed to intercalated H2O molecules within 

the layered Ni(OH)2 structure and adsorbed species on the surface[229]. 

Figure 30 (a) XPS survey, (b) high-resolution XPS scan of Ni 2p, and (c) high-
resolution XPS scan of O 1s for the deposited Ni(OH)2 on nickel foam substrate. 

The CV curves of the deposited film on nickel foam with scan rates from 

2 to 100 mV s-1 are shown in Figure 31 (a). The shape of CV curves does not 

show any clear significant change, and it reveals outstanding electrochemical 

performance of the electrode due to the straightforward adsorption and diffusion 

of ions onto the deposited Ni(OH)2 film. From the CV curves, the specific 
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capacitance was 2377 F g-1 at 2 mV s-1 scan rate. The specific capacitance 

contribution from the nickel foam as a current collector can be ignored since the 

area of the CV curve of the pure Ni foam is negligibly small compared to the 

deposited Ni(OH)2 film. This phenomenon is consistent with previous 

reports[230, 231]. Figure 31 (b) shows the GCD curves of the deposited Ni(OH)2 

films in 2M KOH aqueous solution from 0 to 0.4 V (vs. Ag/AgCl) at different 

current densities ranging from 1 to 20 A g-1. The shape of charge-discharge curves 

ascribed to the pseudocapacitive behaviour of the deposited Ni(OH)2 films. The 

specific capacitance can be estimated from, 

Cm= I Δt / (m ΔV) ………….... 5.3 

where I expresses the current, Δt denotes the discharging time, m is the mass of 

active material, and ΔV is the potential window. The specific capacitance was 

2092 F g-1 at 1 A g-1. The performance of the deposited Ni(OH)2 film on nickel 

foam substrate by the NPDS is comparable or even better than other researches 

such as spherical β-Ni(OH)2 superstructures by microwave-assisted synthesis of 

specific capacitance 2147 F g-1 at 1 A g-1 current density[213], Ni(OH)2 nanorods 

of 1150 F g-1 at 1 mV s-1[232], and mesoporous α-Ni(OH)2 with the capacitance 

of 1718 F g-1 at 5 mV s-1 [233]. Ni(OH)2 nanosheets demonstrates a specific 

capacitance of 2384.3 F g−1 at 1 A g−1[234].  Ni(OH)2 nanoflowers/graphene 

hydrogel exhibits a specific capacitance of 1632 at 1 A g-1[235]. 3D Flower-Like 

Ni(OH)2 shows a specific capacitance of 1567 F g-1 at 1 A g-1[236]. Chemically 

precipitated Ni(OH)2 over graphite foil shows a capacitance of 701 F g-1 at 1 A g-

1[237]. Hierarchical Ni(OH)2 nanotubes with ultrathin nanoflakes exhibit a 

specific capacitance of 1319 F g−1 at 3 A g−1[238]. The cyclic stability of the 

deposited Ni(OH)2 film on nickel foam substrate was tested by repeating cyclic 

voltammetry for 3000 cycles at 100 mV s-1. As shown in Figure 31 (d), the 

specific capacitance showed 83% capacitance retention from its initial 
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capacitance value after 3000 cycles, which reveals that the deposited Ni(OH)2 

electrode exhibited long-term cyclic stability. 

Figure 31  (a) CV curves at different scan rates, (b) galvanostatic charge-
discharge curves at different current density, (c) calculated specific capacitance 
from CV and GCD curves, and (d) cyclic stability of the deposited Ni(OH)2 films 

on nickel foam substrate. 

5.4 Summary 

In summary, micro-sized Ni(OH)2 powder was directly deposited on a nickel 

sheet and nickel foam for supercapacitor without any binders by the NPDS, which 

is a facile, room temperature, and low vacuum deposition method. The deposition 

behaviour of Ni(OH)2 on nickel sheets by NPDS was characterized by FE-SEM, 

XRD, and Raman spectroscopy, and those results showed that the size of the 

nano-structured Ni(OH)2 depended on the SoD and the carrier gas pressure. 

Electrochemical studies of the nano-structured Ni(OH)2 deposited on nickel 

sheets suggested that the deposition with 5 mm of SoD and 0.3 MPa of carrier 
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gas pressure was the optimum deposition condition for the nano-structured 

Ni(OH)2 as an electrode material. The nano-structured Ni(OH)2 deposited on 

nickel foam demonstrates a very high specific capacitance of 2377 F g-1 at 2 mV 

s-1 scan rate from CV curves and 2092 F g-1 at 1A g-1 current density from GCD

curves. NPDS exhibits binder-free, low-cost deposition of nano-structured

Ni(OH)2 on nickel foam and excellent cyclic stability for 3000 cycles with 83%

capacitance retention, which makes it a promising electrode material for high-

performance supercapacitors.
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Chapter 6 

High energy density 

asymmetric supercapacitors 

based on Ni(OH)2-graphene 

hybrid electrode 
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6.1 Background 

Recently, supercapacitors have received extensive attention because they can 

rapidly deliver energy and power densities higher than conventional capacitors 

and batteries. Therefore, they have been extensively used in several applications, 

such as wearable devices, electric vehicles, and several other devices. These 

applications require high power density and long cycling stability. Commonly, 

supercapacitors are classified into two categories according to their charging 

mechanism, electric double-layer capacitors (EDLCs) and pseudocapacitors. The 

storage mechanism of EDLCs is achieved by the interface layer formed between 

the electrode and the electrolyte. EDLCs use carbon materials, such as graphene, 

reduced graphene oxide, carbon nanotubes, or activated carbon, because of their 

large surface area and excellent electrical conductivity[97, 162-169]. 

Pseudocapacitors use metal oxides, metal hydroxides, or conducting polymers, in 

addition to their composites with carbon-based materials. Pseudocapacitive 

behavior is achieved by reversible redox reactions on the electrode material. The 

advantage of pseudocapacitors over EDLCs is their high energy density, but they 

have insufficient cycle stability[96, 170-172]. However, the energy density of the 

supercapacitors is much lower than that of conventional batteries (it is typically 

less than 10 W h kg-1 for supercapacitors) which hinders their extensive 

application in energy storage devices[239]. To increase the energy density (E) of 

supercapacitors, great progress has been made to increase the specific capacitance 

(C) or operational potential (V) according to the equation E=0.5CV2. Recently,

asymmetric supercapacitors (ASCs) have experienced excellent performance due

to their small ionic resistivity, low cost, and environmentally friendly aqueous

electrolytes[240]. These ASCs usually consist of two different electrodes. The

positive electrode is a composite-based redox electrode (as an energy source).

The negative electrode is an EDLC electrode (as a power source). This

combination uses the operating potentials of both electrodes to increase the
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operating potential of the ASC. To improve the performance of the ASCs, 

choosing the positive and negative electrode materials becomes essential[241]. 

Nickel hydroxide (Ni(OH)2) is a promising candidate for the positive electrode 

material due to its high theoretical capacitance of 2082 F g-1 caused by the large 

interlayer spacing, low cost, well-defined redox activity, and eco-friendly 

characteristics[212, 213]. However, the poor conductivity of Ni(OH)2 limits its 

ability to reach the theoretical capacitance. To solve this problem, a hybrid 

electrode is composed of Ni(OH)2 and carbon-based materials, such as carbon 

nanotubes, activated carbon, or graphene. Graphene has been studied extensively 

as an energy storage material due to its large surface area, excellent electrical 

conductivity, chemical stability, and fast ion diffusion. The combination of 

Ni(OH)2 and graphene has the advantages of the two components to achieve high 

capacitance and fast electron and ion transportation. Additionally, the 

combination between Ni(OH)2 and graphene can increase stability during 

cycling.  

Many studies have sought to design a binder-free electrode to overcome the 

poor conductivity of polymeric binders. Moreover, binders affect the charge 

transfer between the active material and electrolyte, resulting in poor 

performance[242]. 

In the present work, a one-step, binder-free nickel hydroxide-graphene 

(Ni(OH)2-Gr) hybrid electrode has been successfully deposited on nickel foam 

by a nanoparticle deposition system (NPDS). NPDS offers a facile, low cost, and 

eco-friendly deposition method. NPDS is a vacuum kinetic spray method that 

works at room temperature and low vacuum conditions. NPDS has been used to 

deposit several materials, such as Cu, Sn, Ni, NiO, Al2O3, TiO2, WO3, and other 

composites[79, 83, 84, 89, 90, 127, 128, 243]. Furthermore, NPDS has been used 

successfully for multiple applications, such as supercapacitors[185, 244], 
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photocatalysis[245], smart windows[246], and dye-sensitized solar cells 

(DSSCs)[82]. 

The electrochemical performances of the Ni(OH)2-Gr hybrid on nickel foam 

were tested with different Ni(OH)2 contents. The Ni(OH)2-Gr hybrid achieves a 

high specific capacitance of 3400 F g-1 for 10% Ni(OH)2 content and shows good 

rate capability and cyclic stability. An asymmetric supercapacitor was 

successfully assembled from the Ni(OH)2-Gr hybrid as a positive electrode and 

reduced graphene oxide (rGO) as a negative electrode. This supercapacitor 

presents a high energy density of 64 W h Kg-1 and also good stability. 

6.2 Experiment 

6.2.1 Deposition of Ni(OH)2-Gr composite powder 

Ni(OH)2 and graphite powders were mixed with different Ni(OH)2 contents 

(10~80 wt.%) using ball milling (GLBM-G, Global Lab Co., Ltd., Korea) for 6 h 

rotating at 600 rpm. 5 mm zirconia balls with a ball-to-powder mass ratio of 10:1 

were used in this process. Then, NPDS (Figure 6) was used to deposit pure 

graphite (denoted as 0%), pure Ni(OH)2 (denotated as 100%), and the composite 

powders (10~80%). The deposition was carried out at a scanning speed of 

100 μm/s through a slit converging-diverging nozzle (dimensions: 50 × 0.2 mm2; 

flow rate: 25 l/min; carrier gas pressure: 0.2 MPa; stand-off distance (SoD): 

5 mm). The powder feeding rate was controlled by brush rotation at 7000 rpm 

and piston movement. The piston speed was changed according to Ni(OH)2 

content to achieve loading masses that are relatively near to each other, as shown 

in Table 11. Finally, blown air was used to remove the residual powder. 
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Table 11 Deposition parameters for the Ni(OH)2-graphene hybrid electrodes 
deposited on nickel foam with different Ni(OH)2 content (0~100% by wt.). (The 
piston speed was reduced according to Ni(OH)2 content to achieve similar 
loading masses).  
Parameter Deposition parameters for different Ni(OH)2 content 

(0~100% by wt.) 
0% 10% 20% 30% 40% 60% 80% 100% 

Carrier gas pressure (MPa) 0.2 
SoD (mm) 5 
Piston speed (mm min-1) 17 17 17 14 12 10 10 8 
Brush speed (rpm) 7000 
Scan speed (µm s-1) 100 
Chamber pressure (MPa) 0.01~0.016 
Flow rate (l min-1) 25 
Loading mass (mg cm-2) 0.73 1.11 1.42 1.37 1.29 1.49 1.5 1.23 

6.2.2 Preparation of reduced graphene oxide (rGO) 

Graphene oxide (GO) was prepared by Hummer’s method[247]. Then, 10 µl 

of hydrazine hydrate was added to 100 mL aqueous solution of GO (1 mg/mL). 

The mixture was stirred for 1 hour at 80°C. Hydrazine hydrate was used to reduce 

oxygen-containing functional groups excluding carboxyl groups. To reduce the 

carboxyl groups and remaining oxygen-containing functional groups, 1 mg of 

NaBH4 was added to the mixture and stirred for 36 hours at 100°C. The mixture 

was filtered and washed by deionized water and dried at 60°C to obtain the rGO 

powder. 

6.3 Results and Discussion 

6.3.1 Positive electrode material 

The morphologies of the raw graphite and Ni(OH)2 powders and the 10% 

Ni(OH)2-Gr composite deposited on the nickel foam substrate were observed by 

FESEM. Figure 32 (a) shows that the graphite powder has a size of around 20 µm 

and irregularly shaped flakes. Additionally, the FESEM images of the Ni(OH)2 

powder show that the particles have a non-uniform size distribution with an 
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average size of 8 μm, as shown in Figure 32 (b). Figure 32 (e) shows the SEM 

images of the 10% Ni(OH)2-Gr deposited composite, indicating a high porous 

structure similar to the nickel foam substrate (Figure 32 (d)). Additionally, it is 

obvious that the micro-sized Ni(OH)2-graphite mixed powder (Figure 32 (c)) was 

fragmented into nanoflakes of sizes ranging from several tens to several hundreds 

of nanometers with irregular shapes and were deposited with random orientation 

on the nickel foam surface. The 3D interconnected structure of the nickel foam 

does not suffer any collapse, demonstrating the strong mechanical strength of the 

10% Ni(OH)2-Gr deposited composite. Furthermore, the energy dispersive X-ray 

spectroscopy (EDS) mappings of C, O, and Ni were considered from a small 

region on the deposited film, as shown in Figure 32 (f), demonstrating a 

continuous, uniform distribution of Ni(OH)2 and graphene nanoflakes on the 

nickel foam surfaces.   
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Figure 32 FESEM images of (a) raw graphite powder, (b) raw Ni(OH)2 powder, 
(c) mixed Ni(OH)2-graphite powder, (d) nickel foam, (e) 10% Ni(OH)2-Gr

deposited composite, and (f) EDS mapping of the 10% Ni(OH)2-Gr deposited 
composite. 

The structural properties of raw powders and the deposited film on nickel 

foam was characterized using XRD analysis. Figure 33 (a) shows the XRD 

pattern of the raw graphite powder. The sharp peak (002) at 2θ=26.5º corresponds 
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to the interplanar spacing of 3.65 Å. The XRD pattern of the Ni(OH)2 powder is 

well matched to a hexagonal β-Ni(OH)2 phase (JCPDS no. 14-0117)[248]. The 

XRD spectrum of the 10% Ni(OH)2-Gr deposited film on the nickel foam 

substrate shows peaks at 44.25º, 51.56º, and 76.14º, corresponding to (111), 

(200), and (220), respectively. These peaks are typically from the nickel foam 

(JCPDS no. 01-1258)[249]. A broad peak appearing around 17.7º corresponding 

to ~5 Å is very weak and highly dispersive. This peak neither matches with β-

Ni(OH)2 nor α-Ni(OH)2 phases. This characteristic is related to βbc (bc: badly 

crystalline) Ni(OH)2 with interstratification of α and β motifs[250]. The new 

phase of Ni(OH)2 has formed as a result of stacking faults randomly distributed 

in the crystal lattice[248, 251]. The existence of stacking faults leads to high 

electrochemical performance as reported previously[218, 251]. 

The Raman spectra of the graphite and Ni(OH)2 powders and deposited 

composite film are displayed in Figure 33 (b). It is clear that the raw graphite 

powder has three bands at 1350 cm-1, 1579 cm-1, and 2717 cm-1, corresponding 

to D, G, and 2D, respectively. The Raman spectrum of the raw graphite suggests 

a highly crystalline structure as described previously[91, 92, 217, 244, 245]. The 

Raman spectrum of the raw Ni(OH)2 powder has a peak at 311.67 cm-1 assigned 

to the Eg lattice mode, 446 cm-1 corresponds to the A1g lattice mode, 3582 cm-1 

corresponds to A1g O-H stretch, and the shoulder at 3604 cm-1 is due to the 

disordered O-H stretch.  

The 10% Ni(OH)2-Gr deposited composite film shows Raman peaks at 

1350 cm-1, 1589 cm-1, and 2684 cm-1, corresponding to D, G, and 2D, 

respectively. The D band intensity is higher than that of the G band. In other 

words, ID/IG (~1.24) for the deposited film is much higher than ID/IG (~0.35) for 

the graphite powder. Increasing the intensity of the D band is ascribed to the 

disorder and edge defects of the deposited graphene[143]. This disorder 

originates from the fragmentation that occurred during the deposition due to the 



107 

impact between the deposited particles and the substrate, and the deposited 

particles were randomly oriented. The G and 2D peaks were shifted to higher and 

lower Raman shifts, respectively, compared with graphite powder. Additionally, 

the 2D peak became sharper. Moreover, a shoulder appears at 1617 cm-1, 

corresponding to D´. From these observations, we can say that the micro-sized 

graphite powder was fragmented and exfoliated to few-layer graphene nanoflakes 

on the nickel foam[134-139]. Additionally, the peaks at 311.67 cm-1, 446.8 cm-1, 

and 3582 cm-1 may be attributed to the Eg lattice mode, A1g lattice mode, and A1g 

O-H stretch, respectively.

XPS was employed to analyze the chemical state of the 10% Ni(OH)2-Gr 

deposited composite. As shown in Figure 33 (c), the survey scan of the 10% 

Ni(OH)2-Gr deposited composite confirms the presence of Ni, O, and C in the 

composite. This result is consistent with the EDS result. The high-resolution scan 

of the C 1s spectrum is represented in Figure 33 (d). There are some oxygen-

containing functional groups, including the non-oxygenated C in sp2 C-C at 284.4 

eV, the carbon in C-O at 286 eV, and the carbon in C=O at 287.6 eV. These 

groups are hydrophilic functional groups. The hydrophilicity of the Ni(OH)2-Gr 

composite can improve the wettability of the electrode and further improve the 

interface layer formed between the electrolyte and the electrode surface. 

Moreover, these functional groups can interact with Ni(OH)2 by several types of 

bonds, such as covalent bonds, van der Waals forces, or hydrogen bonds, thus 

allowing good adhesion between the graphene and Ni(OH)2 in the composite. 

This is also clear from the formation of the Ni-C bond at 284.9 eV. As shown in 

Figure 33 (e) for the high-resolution scan of the Ni 2p state, there are two major 

peaks with binding energies at 855.8 eV and 873.5 eV ascribed to Ni 2p3/2 and 

2p1/2, respectively, with a spin-energy separation of 17.7 eV, which is 

characteristic of a Ni(OH)2 phase. Furthermore, the satellite peaks at 861.7 eV 

(Ni 2p3/2 sat.) and 879.5 eV (Ni 2p1/2 sat.) are attributed to Ni(OH)2, and they are 
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in agreement with earlier reports[228]. Figure 33 (f) shows the high-resolution 

scan of the O 1s spectrum. The peak at 530.5 eV is attributed to the C-O-Ni bond. 

The peak at 531.1 eV corresponds to C=O groups or the peak of O 1s in Ni(OH)2, 

and the peak at 531.7 eV is assigned to C-OH and/or C-O-C. The Raman and 

XPS results confirm that Ni(OH)2 has been anchored onto the graphene 

nanoflakes. 
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Figure 33 (a) XRD spectra, (b) Raman spectra of the graphite and Ni(OH)2 
powders and the 10% Ni(OH)2-Gr deposited composite, (c) XPS survey scan, 

(d) high-resolution C 1s scan, (e) high-resolution Ni 2p scan, and (f) high-
resolution O 1s scan. 

The specific capacitance of the Ni(OH)2-Gr hybrids with different Ni(OH)2 

content (0~100% by wt.) were compared at various current densities from 1 A g-
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1 to 20 A g-1,  as shown in Figure 34 (a). The calculated specific capacitances 

from galvanostatic charge-discharge (GCD) curves are shown in Table 12. The 

comparison indicated that the 10% content of Ni(OH)2 in the hybrid electrode has 

the maximum specific capacitance since the value of the specific capacitance is 

decreased after that from 20%, then becomes a plateau region until 100% in wt. 

content of  Ni(OH)2.  

Figure 34 (b) represents the CV curve of the 10% Ni(OH)2-Gr hybrid 

electrode at different scan rates in 2 M KOH within a potential widow of 0-0.6 

V. A couple of redox peaks is clearly observed in the CV curves, indicating that

the origin of the capacitance in the hybrid electrode is due the pseudocapacitive

behavior. The redox peaks correspond to the reversible redox reaction Ni(OH)2

↔ nickel oxyhydroxide (NiOOH). The faradic reaction at the surface of the 10%

Ni(OH)2-Gr hybrid electrode is well-defined by the following equation:

Ni(OH)2 + OH− ↔ NiOOH + H2O + e−………….... 6.1

By increasing the scan rate from 2 mV s-1 to 100 mV s-1, the position of the 

anodic peak is shifted to higher potential, and that of the cathodic peak is shifted 

to lower potential. This behavior is due to the internal resistance of the electrode 

that arises from the diffusion of the electrolyte ions within the electrode[252]. 

The specific capacitances, Cm (F g-1), were estimated from the CV curves 

according to the equation 

Cm=ʃ I dV / (υ m V) ………….... 6.2 

where I is the response current, υ denotes the scan rate, V is the potential, and m 

is the active material mass. The hybrid electrode demonstrates a specific 

capacitance of 2676 F g-1 at 2 mV s-1.  

Figure 34 (c) shows the GCD curves of the 10% Ni(OH)2-Gr hybrid 

electrode at different scan rates in 2 M KOH electrolyte. The GCD tests were 
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performed in a potential window of 0-0.4 V and at current densities from 1 A g-1 

to 20 A g-1. The symmetric and non-linear behavior of the GCD curves further 

confirms the pseudocapacitance of the hybrid electrode. The specific capacitance 

of the hybrid electrode can be estimated from 

Cm= I Δt / (m ΔV) ………….... 6.3 

where I is the discharging current, Δt is the discharging time, m is the mass of 

active material, and ΔV is the discharging potential window. Figure 4 (d) shows 

the specific capacitance of the hybrid electrode. The 10% Ni(OH)2-Gr hybrid 

electrode demonstrates a specific capacitance of 3408 F g-1 at 1 A g-1. This 

capacitance value is superior to previously reported values, as shown in Table 13. 

Furthermore, a high rate capability of 47% was obtained at a current density of 

10 A g-1. The high capacitance value of the 10% Ni(OH)2-Gr hybrid electrode 

could be due to: (1) the synergistic effect between Ni(OH)2 and the graphene 

nanoflakes; (2) the oxygen-containing functional groups in the Ni(OH)2-Gr 

composite can provide extra capacitance, as well as improved wettability of the 

electrode, which can improve the interface layer formed between the electrolyte 

and the electrode surface[253, 254].  Figure 34 (d) shows the variation of the 

specific capacitances of the 10% Ni(OH)2-Gr hybrid electrode as a function of 

scan rate and current density. The specific capacitance was decreased with 

increasing the scan rate (or the current density). The high specific capacitance 

observed at the low scan rate (low current density) may be due to the high 

accessibility of the electrolyte ions to the electrode surface during the faradic 

process. Meanwhile, the low accessibility of the electrolyte ions to the electrode 

surface leads to a slow faradic reaction at the high scan rate (high current density). 

The cyclic stability is a very important parameter to evaluate the 

electrochemical performance of the electrode material. Figure 34 (e) presents the 

cyclic stability of the pure graphene and Ni(OH)2 electrodes and the 10% 
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Ni(OH)2-Gr hybrid electrode, which were further tested by repeating CV tests at 

a scan rate of 100 mV s-1 for 3000 cycles. It is clear that the capacitance retention 

of the Ni(OH)2-Gr hybrid electrode after 3000 cycles is 90.5%, which is much 

higher than the pure Ni(OH)2 electrode with 63%. The excellent cyclic stability 

is ascribed to the good binding between the Ni(OH)2 and the graphene nanoflakes 

as confirmed previously from XPS results. This good binding allows facile 

electron transport through Ni(OH)2 to the graphene nanoflakes, and also enhances 

the electron transportation to the current collector. Subsequently, the ionic and 

electronic conductivities were improved. 

Table 12 The calculated specific capacitance of the Ni(OH)2-graphene hybrid 
electrodes deposited on nickel foam with different Ni(OH)2 content (0~100% by 
wt.) from the GCD curves at different current densities from 1 A g-1 to 20 A g-1. 

Current 
density 
(A g-1) 

Specific capacitance (F/g) for different Ni(OH)2 contents (0~100% by wt.) from 
GCD curves

0% 10% 20% 30% 40% 60% 80% 100% 

1 1194.8 3407.8 1772.2 1761.7 1738.434 1565.73 1634.2 1750.4 

2 1073.3 3030.6 1704.4 1688.6 1624.377 1239.93 1434.5 1540.6 

5 924.36 2261.8 1286.7 1372.6 1190.16 576.855 787.86 1033.4 

10 764.28 1627.6 936.48 1084 811.5795 185.094 273.65 615.37 

15 668.15 1286.5 748.89 898.52 617.7522 78.894 109.11 436.15 

20 576.19 1059.1 625.31 746.15 509.0196 37.3914 15.02 322.33 
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Figure 34 (a) comparison of specific capacitances of Ni(OH)2-Gr hybrid electrodes with different Ni(OH)2 content (0~100% 
by wt.) at various current densities of 1~20 A g-1, (b) CV curves, (c) GCD curves, (d) the variation of specific capacitances 
of 10% Ni(OH)2-Gr hybrid electrode as a function of scan rate and current density, and (e) cyclic stability of Gr, Ni(OH)2, 

and the 10% Ni(OH)2-Gr hybrid electrode at a scan rate of 100 mV s-1. 
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Table 13 Specific capacitance of the Ni(OH)2-Gr hybrid electrode obtained in this study,  compared with some of the 
Ni(OH)2 and carbon-based hybrid electrodes reported in previous literature. 

Material Specific capacitance Electrolyte Retention Ref. 

Ni(OH)2-Gr  3408 F g-1 at 1 A g-1 2 M KOH 90.5% after 3000 cycles This work 

Ni(OH)2/rGO 3328.7 F g-1 at 1.5 A g-1 1 M KOH 90.6% after 5000 cycles [255] 

rGO-Ni(OH)2 1717 F g-1 at 0.5 A g-1 2 M KOH 89% after 1000 cycles [256] 

CNT@ Ni(OH)2 core-shell 1136 F g-1 at 2 A g-1 1 M KOH 92% after 1000 cycles [241] 

Ni(OH)2/G/NF 2161 F g-1 at 3 A g-1 1 M KOH 51% after 500 cycles [257] 

rGO/Ni(OH)2 2134 F g-1 at 2 mV s-1 6 M KOH 81% after 2000 cycles [248] 

Ni(OH)2-3D graphene  1450 F g-1 at 5 A g-1 6 M KOH 78% after 1000 cycles [258] 

Ni(OH)2/graphene 1503 F g-1 at 2 mV s-1 6 M KOH 96.5% after 6000 cycles [259]
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6.3.2 Negative electrode material 

Graphene is a promising electrode material for energy storage and 

conversion applications due to its large surface area, good stability, and excellent 

electrical conductivity[253]. Graphene can be prepared by the chemical reduction 

of graphene oxide (GO). GO was synthesized from raw graphite using Hummers’ 

method[260]. Then, reduced graphene oxide (rGO) was produced by reducing the 

oxygen and carbonyl groups by hydrazine hydrate. The presence of the residual 

oxygen groups on the graphene sheets enhances the wettability of the electrodes, 

and also prevents aggregation of the graphene sheets. Furthermore, the residual 

oxygen groups on the graphene sheets present additional 

pseudocapacitance[261].  

The XRD patterns of graphite, GO, and rGO are shown in Figure 35 (a). 

The diffraction peak at 26.4º corresponding to the graphite (002) plane no longer 

appears in GO. The peak corresponding to GO appears at 10.76º with an 

interlayer distance of 8.22 Å. An increase in the interlayer distance is evidence of 

the formation of highly oxidized GO. After the reduction of GO, the XRD pattern 

of rGO clearly shows two diffraction peaks at 23.5° and 43°, related to the (002) 

and (100) planes of carbon, respectively. This confirms that the oxygen-

containing functional groups vanished during the reduction by sodium 

borohydride and hydrazine hydrate. In Figure 35 (b), the Raman spectrum of rGO 

shows two main peaks, the D band (disordered carbon) at 1350 cm-1 and the G 

band (E2g symmetry of sp2 carbon) at 1589 cm-1. The ratio between the intensities 

of the D and G bands (ID/IG) for GO was 0.96. However, the ID/IG ratio in the case 

of rGO was 1.11, indicating that GO was reduced to rGO with more structural 

defects. 
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Figure 35 (a) XRD spectra, (b) Raman spectra of graphite, GO, and rGO, (c) 
CV curves at different scan rates, (d) GCD curves at different current 

densities, (e) specific capacitance versus current density, and (f) cycling 
stability for 3000 cycles at a current density of 10 A g-1 for the rGO electrode. 

The electrochemical performance of rGO was tested by CV and GCD in 

2 M KOH aqueous solution over the potential range of -1 V to 0 V. Figure 35 (c) 

displays the CV curves of rGO at different scan rates from 2 mV s−1 to 
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100 mV s−1. The semi-rectangular shape suggested an excellent EDLC 

performance. The CV curves preserved the same shape with changing the scan 

rate, demonstrating outstanding cyclic stability. Figure 35 (d) shows the GCD 

curves of rGO at different current densities from 1 A g−1 to 20 A g−1. The GCD 

curves showed symmetrical and linear charging and discharging profiles, 

indicating that the rGO electrode had good reversibility and fast response. The 

specific capacitance of the rGO electrode was calculated from the GCD curves at 

different current densities, as shown in Figure 35 (e). The calculated specific 

capacitance was approximately 110 F g−1 at a current density of 1 A g−1. The 

stability of the rGO electrode was determined by repeating GCD for 3000 cycles 

at a current density of 10 A g−1. As shown in Figure 35 (f), the rGO electrode 

retained 92.5% of its initial specific capacitance after 3000 cycles and exhibited 

excellent cyclic stability. 

6.3.3 Asymmetric supercapacitor 

The ASC was assembled using 10% Ni(OH)2-Gr hybrid (as the positive 

electrode), rGO (as the negative electrode), and 2 M KOH aqueous electrolyte, 

as illustrated in Figure 36 (a). For ASC, it is known that the charge balance 

between the positive and negative electrodes should be satisfied by the relation 

q+ = q-. The charge stored by each electrode (q) can be determined by the specific 

capacitance (C), the potential window (ΔV), and the loading mass of the electrode 

(m). In order to obtain q+ = q-, the mass balance will follow the following 

expression: 

𝑚𝑚+
𝑚𝑚−

= 𝐶𝐶− × ∆𝑉𝑉−
𝐶𝐶+ × ∆𝑉𝑉+

 ………….... 6.4 

Herein, the optimum mass ratio between the 10% Ni(OH)2-Gr hybrid and 

rGO electrodes was predicted to be 1:10. 
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Figure 36 (b) illustrates the CV curves of the Ni(OH)2-Gr//rGO ASC at 

different scan rates in the potential window from 0 V to 1.6 V. The broad redox 

peaks in the CV curves suggest that the pseudocapacitive behavior of the 

Ni(OH)2-Gr//rGO ASC arises from the 10% Ni(OH)2-Gr hybrid electrode. Figure 

36 (c) shows the GCD curves at various current densities ranging from 2 mA cm-

2 to 20 mA cm-2. A small IR drop is observed in the discharge curves, indicating 

the small equivalent series resistance of the ASC. From the discharge curves, the 

specific capacitance values of the Ni(OH)2-Gr//rGO ASC are estimated based on 

the loading mass of the active materials on the two electrodes. The specific 

capacitance reaches a maximum of 180 F g-1 at 1 mA cm-2 in the 1.6 V potential 

window, as shown in Figure 36 (d). The energy and power density of the ASC is 

the most important parameter for evaluating its performance. Figure 36 (e) 

represents the Ragone plot of the energy density and power density. The energy 

density of the Ni(OH)2-Gr//rGO ASC achieves 64 W h kg-1 at a power density of 

411 W kg-1 and holds 20 W h kg-1 at a high-power density of  8230 W kg-1. The 

results show outstanding performance compared with literature results of 

CNT@Ni(OH)2//3DGN (44 W h kg-1 at 800 W kg-1)[241], β-Ni(OH)2/NF//AC 

(36.2 W h kg-1 at 100.6 W kg-1)[262], Ni(OH)2/NF//AC (35.7 W h kg-1 at 490 W 

kg-1)[263], Ni(OH)2/CNT/NF//AC (50.6 W h kg-1 at 96 W kg-1)[264], Ni/Ni(OH)2 

//AC (23 W h kg-1 at 4598 W kg-1)[228], and α-Ni(OH)2/NF//AC (74.94 W h kg-

1 at 197.4 W kg-1)[265].  
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Figure 36 (a) Schematic diagram of the Ni(OH)2-Gr//rGO ASC,(b) CV curves of 
the Ni(OH)2-Gr//rGO ASC at various scan rates, (c) GCD curves of the 

Ni(OH)2-Gr//rGO ASC at various current densities, (d) specific capacitance of 
the Ni(OH)2-Gr//rGO ASC at different current densities, (e) Ragone plot of the 

Ni(OH)2-Gr//rGO ASC, and (f) cyclic stability of the Ni(OH)2-Gr//rGO ASC at 6 
mA cm-2 current density. 

The cyclic stability of Ni(OH)2-Gr//rGO ASC was investigated by repeating 

charge-discharge cycles at a current density of 6 mA cm-2. As shown in Figure 36 
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(f), the Ni(OH)2-Gr//rGO ASC exhibits a capacitance retention of 70% after 

10,000 cycles, indicating acceptable cyclic stability that is superior to some 

pervious ASCs, such as β-Ni(OH)2/NF//AC (92% retention after 1000 

cycles)[262], Ni(OH)2/CNT/NF//AC (83% retention after 3000 cycles)[264], and 

Co3O4/CC//MnO2/CC (83% retention after 5000 cycles)[266].  

6.4 Summary 

A Ni(OH)2-Gr hybrid electrode was successfully deposited directly on nickel 

foam by the facile, one-step NPDS technique. The electrochemical performance 

of the 10% Ni(OH)2-Gr hybrid electrode demonstrated a specific capacitance of 

3400 F g-1 at 1 A g-1 in 2 M KOH. An asymmetric supercapacitor has been 

fabricated using 10% Ni(OH)2-Gr as a positive electrode and rGO as a negative 

electrode. The fabricated Ni(OH)2-Gr//rGO ASC exhibits many advantages, such 

as a high specific capacitance of 180 F g-1 at 1 mA cm-2, wide potential window 

of 1.6 V, superior energy density of 64 W h kg-1, high power density of 8230 W 

kg-1, and acceptable cyclic stability of 70% capacitance retention after 10,000 

cycles. This indicates that Ni(OH)2-Gr//rGO ASC may offer a great prospective 

for energy storage applications. 
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Chapter 7 

Conclusion 
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7.1 Conclusion 

This thesis has focused on the development of one-step, facile deposition 

technique of different electrode materials, namely few-layer graphene nano-

flakes electrode, MoS2-graphite hybrid electrode, Ni(OH)2 electrode, and 

Ni(OH)2-graphene hybrid electrode.  

Improving the Electrochemical performance of each of these electrode 

materials, we have studied the effects of different key parameters, such as the 

deposition scan speed of the few-layer graphene nano-flakes electrode, the 

concentration of the electrolyte used few-layer graphene nano-flakes symmetric 

device, the amount of MoS2 used in hybrid MoS2-graphite electrode, the effect of 

deposition parameters on Ni(OH)2 electrode, and the effect of the amount of 

Ni(OH)2 used in hybrid Ni(OH)2-graphene electrode on their performance as 

electrodes and the overall electrochemical performance of devices. The 

electrochemical performances are compared in Table 14 and the key findings in 

each chapter are summarized below: 

(1) Few-layer graphene nano-flakes have been deposited by the NPDS on a 

stainless-steel substrate. The deposition was carried out with different scan 

speeds of deposition. The deposition with slow scan speed results in 

graphene/graphite structure. By increasing the scan speed of the 

deposition, the micro-sized graphite powder was totally transformed to 

few-layered graphene nano-flakes. The obtained few-layer graphene nano-

flakes showed high areal capacitance in symmetric two electrode 

configuration. The areal capacitance of the symmetric few-layer graphene 

nano-flakes supercapacitor could be improved by increasing the 

concentration of the acidic ions in the gel electrolyte.  

(2) The MoS2-graphite hybrid electrode was prepared firstly by the ball milling 

by mixing the raw MoS2 and graphite powders with different MoS2 
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contents. Then the NPDS was used to deposit MoS2-graphite hybrids on 

stainless-steel substrate. The electrochemical performance of symmetrical 

supercapacitors fabricated from MoS2-graphite hybrid showed better 

performance at 15% of the MoS2-graphite composition ratio. Moreover, 

the cyclic stability of the supercapacitor is measured by repeating charging-

discharging for 10,000 cycles. 

(3) Nano-structured Ni(OH)2 was successfully prepared by the deposition of 

micro-sized Ni(OH)2 powder on nickel sheet and nickel foam using the 

NPDS. The deposition of the Ni(OH)2 powder on nickel sheets was carried 

out with various stand-off-distances (SoDs) and carrier gas pressures. The 

crystallite size of the nano-structured Ni(OH)2 depends on the SoD and the 

carrier gas pressure. The electrochemical performance of Ni(OH)2 

deposited on nickel sheets showed that the deposition with 5 mm SoD and 

0.3 MPa carrier gas pressure is the optimum deposition condition for the 

nano-structured Ni(OH)2 thin film as an electrode material. The nano-

structured Ni(OH)2 thin film deposited with 5 mm SoD and 0.3 MPa carrier 

gas pressure on nickel foam demonstrates a specific capacitance of 2377 F 

g-1 at 2 mV s-1 scan rate and 2092 F g-1 at 1 A g-1 current density and 

excellent cyclic stability for 3000 cycles with 83% capacitance retention. 

(4) Nickel hydroxide-graphene (Ni(OH)2-Gr) hybrid electrode was prepared 

by one-step, binder-free NPDS deposition technique from a micro-sized 

hydroxide graphite powders mixture with Ni(OH)2 weight ratios. The 

electrochemical performance of the 10% Ni(OH)2-Gr hybrid electrode in a 

3-electrode cell demonstrates a specific capacitance of 3400 F g-1 at 1 A g-

1. Asymmetric supercapacitors (ASCs) was fabricated from Ni(OH)2-Gr 

hybrid as a positive electrode and reduced graphene oxide (rGO) as a 

negative electrode. The Ni(OH)2-Gr//rGO ASC  displays a specific 

capacitance of 180 F g-1 at 1 mA cm-2 in a high potential window from 0 V 

to 1.6 V. The Ni(OH)2-Gr//rGO ASC has an energy density of 64 W h kg-
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1 at a power density of 411 W kg-1, and still 20 W h kg-1 at a high power 

density of 8230 W kg-1. 
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Table 14 Summary of the electrochemical performance of the studied 3-electrode configuration and the fabricated 
symmetric and asymmetric hybrid supercapacitors. 

Material 

3-electrode 2-electrode 

Capacitance Stability Anode 
Materials Capacitance Stability Potential 

window 

Max. 
Energy 
Density 

Max. 
Power 

Density 
few-layer 
graphene 

nano-flakes 
- - Symmetric 1.67 mF cm-

2 @ 2 mV s-1 

93% after 
5000 
cycles 

1 V - - 

MoS2-
graphite - - Symmetric 5.1 mF cm-2 

@ 2 mV s-1 

81% after 
10,000 
cycles 

1 V - - 

Ni(OH)2 2092 F g-1 @ 1 
A g-1 

83% after 
3000 
cycles 

- - - - - - 

Ni(OH)2-
graphene 

3400 F g-1 @ 1 
A g-1 

90.5% 
after 3000 

cycles 
rGO 180 F g-1 @ 

1 mA cm-2 

70% after 
10,000 
cycles  

1.6 V 64 Wh kg-

1 
8.23 kW 

kg-1 
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7.2 Recommendations 

Supercapacitors represent one of the key elements in energy storage 

systems having the potential to complement or even replace batteries in a variety 

of applications. The supercapacitor market is driven by their unique 

electrochemical characteristics such as high-power density, extremely short 

charging time, and excellent low-temperature performance. Given the rapid 

improvements of this technology, asymmetric supercapacitors are expected to 

play a key role in the energy-storage industry. The future of asymmetric 

supercapacitors looks promising with opportunities in transportation, power 

tools, and consumer electronics. Research in this area can be expected to flourish 

with the goal of increasing energy density without compromising the high-power 

density of supercapacitors. The combination of different Faradaic active and 

capacitive materials should be a viable approach, but a deeper understanding of 

the synergistic interactions is still required to ensure optimized capacitive 

performance. 

Searching for new materials is essential to develop advanced asymmetric 

supercapacitors with enhanced electrochemical performance. In the past few 

years new 2D materials such as MXenes, metal nitrides, metal organic 

frameworks (MOFs), covalent organic framework (COFs), black phosphorus, 

and transition-metal dichalcogenides have been examined for their potential for 

high energy density systems. The use of these redox-active electrodes coupled 

with controllable pore structures offers a great opportunity to create optimized 

asymmetric supercapacitors. In addition, the selection of positive and negative 

electrode materials should be optimized to extend the operating voltage of the 

final device. 

Finally, further study of the exact energy storage mechanisms for new 

composite materials is needed including computational studies on the effect of 

pore size on the double layer capacitance. Detailed computational modeling 
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tools at the molecular level need to be used to obtain better understanding of the 

charging-discharging mechanisms, self-discharging and capacitance 

development.  
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