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ABSTRACT 

 

DEVELOPMENT OF NANOCOMPOSITE ELECTRODES AND 

SEPARATORS FOR SUPERCAPACITORS  

 

 

 

 

Aydınlı, Alptekin 

Doctor of Philosophy, Metallurgical and Materials Engineering 

Supervisor: Prof. Dr. Hüsnü Emrah Ünalan 

 

 

 

February 2022, 178 pages 

 

Supercapacitors or electrochemical capacitors are known as one of the most 

promising energy storage systems for the 21st century. Having the potential to 

complement batteries, supercapacitors have received a lot of attention thanks to their 

high specific power and moderate energy densities. Supercapacitors have various 

application areas ranging from electric vehicles to portable systems and devices. In 

particular, their fast charge-discharge feature enables integration with consumer 

electronics, mobile devices and renewable energy systems. The widespread use of 

supercapacitors in many other electronic systems may also be possible if they gain 

new functions, such as flexibility, textile integration, environmentally friendly 

components and charge level indication. Supercapacitor electrodes with these 

multifunctional properties will be notable for both industrial and commercial 

applications. 

The use of nanocomposite electrode materials is very attractive for 

supercapacitors. Many studies have been carried out to improve the performance of 

supercapacitors using nanocomposites and a wide knowledge has been gained in this 
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area. However, there are still many unknowns due to the variety of the combinations 

of the nanocomposite materials, and therefore further studies in this area ae required.   

In this thesis study, carbon nanotube-polyaniline, expanded graphite-

polypyrrole, carbon nanoflake-manganese dioxide, reduced graphene oxide-

molybdenum disulfide and hexagonal boron nitride-molybdenum disulfide 

nanocomposites are investigated as active materials for supercapacitor electrodes. In 

addition, hexagonal boron nitride-polyvinyl alcohol nanocomposites are investigated 

as separators for supercapacitors. The use of nanocomposite materials has improved 

many performance characteristics of supercapacitors compared to pure components. 

Therefore, it is concluded that the commercialization of nanocomposite-based 

supercapacitors will continue to become widespread in the coming years. 

   

Keywords: Supercapacitors, Nanocomposites, Energy Storage, Electrodes, 

Separators 
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ÖZ 

 

SÜPERKAPASİTÖRLER İÇİN NANOKOMPOZİT ELEKTROTLAR VE 

AYIRAÇLARIN GELİŞTİRİLMESİ 

 

 

 

Aydınlı, Alptekin 

Doktora, Metalurji ve Malzeme Mühendisliği 

Tez Yöneticisi: Prof. Dr. Hüsnü Emrah Ünalan 

 

 

Şubat 2022, 178 sayfa 

 

Süperkapasitörler ya da elektrokimyasal kapasitörler 21. yüzyılın en çok 

umut vadeden enerji depolama sistemlerinden biri olarak bilinmektedir. Bataryaları 

tamamlama potansiyeline sahip süperkapasitörler yüksek özgül güç ve dikkate değer 

enerji yoğunlukları sayesinde çok fazla ilgi görmüşlerdir. Süperkapasitörlerin 

elektrikli araçlardan taşınabilir sistemlere ve cihazlara kadar çok çeşitli uygulama 

alanları bulunmaktadır. Bilhassa hızlı şarj-deşarj olma özelliği süperkapasitörlerin 

tüketici elektroniği, taşınabilir cihazlar ve yenilenebilir enerji sistemlerinde yer 

almasını mümkün kılmaktadır. Süperkapasitörlere esneklik, kumaşa uyum, çevre 

dostu bileşenler ve renk göstergesi gibi yeni işlevler kazandırılabilirse daha birçok 

elektronik sistemde yaygınlaşması söz konusu olabilecektir. Bu türden çoklu işlevsel 

özelliklere sahip süperkapasitörler hem sanayide hem de ticari uygulamalarda ilgi 

odağı olacaktır. 

Süperkapasitörlerde nanokompozit elektrot malzemelerinin kullanımı 

oldukça ilgi çekicidir. Süperkapasitörlerin nanokompozitler kullanılarak 

performanslarının geliştirilmesi için çok sayıda çalışma yürütülmüştür ve bu alanda 

geniş bir bilgi birikimi oluşmuştur. Ancak, nanokompozit malzemelerin çok çeşitli 
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kombinasyonları sebebiyle bu alanda halen birçok bilinmeyen mevcuttur ve bundan 

dolayı çalışmaların devam etmesi gerekmektedir. 

Bu tez çalışmasında, karbon nanotüp-polianilin, genişletilmiş grafit-

polipirol, karbon nanopul-mangan dioksit, indirgenmiş grafen oksit-molibden 

disülfit ve hegzagonal bor nitrür-molibden disülfit nanokompozitleri süperkapasitör 

elektrotları için etkin malzeme olarak incelenmiştir. Bunlara ek olarak, hegzagonal 

bor nitrür-polivinil alkol nanokompoziti ise süperkapasitörler için ayıraç olarak 

incelenmiştir. Nanokompozit malzemelerin kullanılması saf bileşenlere kıyasla 

süperkapasitörlerin birçok performans karakteristiğini geliştirmiştir. Bu sebeple, 

önümüzdeki yıllarda nanokompozit temelli süperkapasitörlerin ticarileşmesinin 

yaygınlaşmaya devam edeceği sonucuna varılmıştır.  

 

Anahtar Kelimeler: Süperkapasitörler, Nanokompozitler, Enerji Depolama, 

Elektrotlar, Ayıraçlar 
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CHAPTER 1  

1 INTRODUCTION  

1.1 General Properties of Supercapacitors 

1.1.1 Definition of a Supercapacitor as an Energy Storage System 

A supercapacitor or an electrochemical capacitor is a special kind of capacitor 

for which the charging and discharging processes occur at the electrode-electrolyte 

interface [1]. The basic principles of conventional capacitors can also be applied to 

supercapacitors. Rapid storage and deliver of energy observed in supercapacitors are 

quite notable compared to conventional capacitors. Electrodes with high specific 

surface area and thin dielectric separators, which are widely used in supercapacitors, 

improve both the charge storage capacity and energy. Thus, while conventional 

capacitors are generally assessed in the millifarad and microfarad ranges, 

supercapacitors can provide as large as tens, hundreds, and even thousands of farads 

per device. They can still be charged and discharged highly reversibly, as in 

conventional capacitors. They retain a low equivalent series resistance (ESR) and are 

used at high specific powers, substantially higher compared to most batteries [2]. 

Figure 1.1 demonstrates the graph of power versus energy density, also named as 

Ragone plot [3], positions the most prominent energy storage devices and 

supercapacitors in literature. As can be seen, supercapacitors currently fill the gap 

between conventional capacitors and batteries [4]. 
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Figure 1.1. Ragone plot for different electrical energy storage systems. Times seen 

are the time constants of the devices, calculated through dividing the energy 

density by the power [4]. 

1.1.1.1 History of Supercapacitors  

Invention of the Leyden jar and the determination of the charge storage 

principles and charge separation on the surfaces of the Leyden jar were remarkable 

advances for electricity physics and depending on this, for electrical, electronic and 

electrochemical applications. The Leyden jar was first referred to as a “condenser” 

in early studies to the middle of the previous century. The device was then referred 

to as a “capacitor” on different platforms and its property of charge storage per 
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potential was named as its “capacitance”. The term “capacity” preferred in battery 

applications to express the magnitude of Faradaic charge storage (watt-hours) is not 

the same as the term of “capacitance” (farads) which is preferred for capacitors [1].  

The fact that electrical charge can be stored in an electrical double-layer 

contained in a capacitor has been known since the late 19th century. The use of this 

phenomenon in electrical energy storage was first suggested in 1957 by a patent 

granted to H. I. Becker of General Electric; but this device was never 

commercialized. Then, in 1978, prototypes owned by Standard Oil of Ohio (SOHIO) 

provided a commercial product proposed by the Nippon Electric Corporation (NEC), 

which was used to supply backup power for computer memories as battery 

complements [5]. 

A separate concept was used and improved in late 1970s and early 1980s by 

Conway. This concept was exampled with so-called “pseudocapacitance” related to 

solid oxide redox systems particularly observed over 1.4 V in aqueous sulfuric acid 

(H2SO4) at ruthenium dioxide (RuO2) films. The high capacitance values (in the level 

of several or more F/g), which can be seen in the RuO2 films and also capacitors with 

a carbon double-layer received names as “supercapacitor” or “ultracapacitor”. 

Moreover, in recent years as a more general term, “electrochemical capacitor” has 

been proposed for these devices. But this term should not be confused with 

“electrolytic capacitor”, which represents a well-known device containing a thin film 

oxide dielectric composed of gel electrolyte on metals such as aluminum, zirconium, 

titanium, and tantalum [1].  

1.1.1.2 Capacitor and Supercapacitor Principles 

A capacitor is a passive device that stores charges in an electrostatic field 

without any redox reactions. When applied a voltage between the electrodes, the 

capacitor is charged leading to negative and positive charges to move towards the 

surface of the electrodes under opposite polarization. If a capacitor is connected to a 
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circuit and charged, it generates a potential difference for a while. Capacitance (C) 

of a capacitor is defined as the ratio of electric charge (Q) found in each electrode to 

the potential difference (V) between them so that: 

𝐶 =
𝑄

𝑉
     (1.1) 

,where if Q is in the unit of coulombs (C) and V is in the unit of volts (V), C is in the 

unit of farads (F) [2]. 

The easiest way to understand mechanism of charge storage in 

supercapacitors is to consult the electrical double-layer concept. Charge separation 

is observed on polarization at the electrode–electrolyte interface, leading to the 

double-layer capacitance, C, which is defined by Helmholtz in 1853: 

𝐶 =
𝜀𝑟𝜀0𝐴

𝑑
     (1.2) 

,where εr stands for dielectric constant of the electrolyte, ε0 represents the dielectric 

constant of the vacuum, A stands for the surface area of the electrode and d represents 

the effective double-layer thickness or in other words, charge separation distance [4]. 

The main challenge in supercapacitors is to improve the amount of energy 

stored since they show low energy density. In order to determine the energy stored 

in supercapacitors equation below is used: 

𝐸 = (
1

2
)

𝐶𝑉2

3600
     (1.3) 

,where E is the energy (watt-hours), C represents the capacitance (farads) and V 

stands for the cell voltage (volts) [6]. 

As well-known power (P) is the magnitude of energy per unit time. In 

calculating P for a standard capacitor, the resistance due to the internal parts of the 

capacitor such as current collectors, electrode materials, electrolytes and separators 

should be considered. The resistance of the aforementioned parts is generally 

determined in aggregate and collectively denoted as the equivalent series resistance 
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(ESR) (Ω). The ESR, which can be recognized by a voltage (V) drop, affects the 

maximum capacitor voltage in discharge and thus restricts the maximum power and 

energy of a capacitor. The calculation of capacitor power is usually determined at 

matched impedance meaning that the load resistance is assumed to be the same as 

the ESR of the capacitor. Therefore, the maximum power Pmax is a function of ESR 

and it is given by: 

𝑃𝑚𝑎𝑥 =
𝑉2

4𝐸𝑆𝑅
     (1.4) 

However, although the resistance of an efficient capacitor is usually much 

lower compared to the  connected load, the actual generated peak power, is usually 

lower than Pmax though it is still considered relatively high [2]. 

1.1.1.3 Differences Between Supercapacitors and Batteries 

Properties of batteries and supercapacitors are described by electrochemical 

concepts, although different electrochemical mechanisms are dominant on their 

related energy and power densities. In the recent years, a significant expansion is 

observed in the energy storage area aiming research on materials that can combine 

the high energy density of batteries with the fast charging and long cyclic life of 

supercapacitors. However, the differences between these two electrochemical 

devices can lead to confusion and unfounded claims when basic performance criteria 

are not taken into account [7]. 

The different electrochemical concepts taking place in batteries and 

supercapacitors allow them to have separate charge storage characteristics. In 

batteries insertion of electrolyte ions causing redox reactions in bulk electrode 

materials is controlled by diffusion and therefore may be slow. In supercapacitors, 

there are two different mechanisms for charge storage that are electrical double-layer 

capacitance and pseudocapacitance. In the first one, briefly charges are stored by 

adsorption of electrolyte ions onto the electrode surface. There is no need for redox 
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reactions, thus in the absence of diffusion limitations the behavior to changes in 

potential is very fast and this provides a high power. Nevertheless, the charge is 

attached to the surfaces, hence the energy density of the supercapacitors in this 

storage mechanism is less than that of the batteries [8]. 

Different behaviors of supercapacitors from batteries can be diagnosed by 

using both galvanostatic and potentiostatic techniques as exemplified in Figure 1.2. 

Classic rectangular cyclic voltammograms as seen in Figure 1.2 (a) and linear time-

dependent difference in potential at  constant current shown in Figure 1.2 (b) are two 

main characteristics for electrical double-layer capacitance. As given in Figure 1.2 

(c), in batteries cyclic voltammograms are recognized by faradic redox peaks, 

generally with quite large potential separation (larger than 0.1 to 0.2 V) between 

reduction and oxidation due to the phase transitions [9]. In galvanostatic experiments 

the presence of the phase transitions can be determined by the voltage plateau as 

demonstrated in Figure 1.2 (d). 

 

Figure 1.2. (a) Cyclic voltammogram and (b) galvanostatic discharge behavior of a 

typical supercapacitor. (c) Cyclic voltammogram and (d) galvanostatic discharge 

behavior of a typical battery [7].  
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In the 1970s, Conway et al. [1] discovered that reversible redox reactions 

occurring at or close to the surface of an appropriate electrode material result in 

electrochemical properties similar to electrical double-layer capacitors. But, these 

redox processes cause larger charge storage compared to double-layer [10]. This 

pseudocapacitance is defined as a second storage mechanism for capacitive energy. 

Pseudocapacitive materials have a great potential to combine battery-like energy 

density and cyclic life and power density of electrical double-layer capacitors. 

Another difference between supercapacitors and batteries is their behavior 

when nanomaterials are employed. If a nanoscale material is used to fabricate a 

battery, the short transport paths of electrons and ions improve the battery’s power 

density [11]. Nevertheless, this improvement is not an indication that a battery has 

converted directly to a pseudocapacitor as its galvanostatic profiles and faradaic 

redox peaks remain battery-like. At smaller scales (<10 nm) it is possible that 

traditional battery materials exhibit capacitor-like behaviors (Figure 1.2 (d)) [12]. On 

the contrary, galvanostatic discharge behavior of a true pseudocapacitor is linear for 

both nanoscale and bulk forms as seen in Figure 1.2 (c) [13].   

1.1.2 Types of Supercapacitors 

There are three main groups of supercapacitors as presented in Figure 1.3. 

One of them is the electrical double-layer capacitors (EDLCs), in which there is no 

redox reactions on the electrode in charging and discharging processes, and pure 

physical charge storage is observed at the electrode/electrolyte interface. Generally 

carbonaceous materials are used for this kind of supercapacitors. The other type is 

the pseudocapacitors, in which the electrode materials (e.g. conducting polymers) 

are redox active and charges are stored in this way [14]. Lastly, if a supercapacitor 

includes both of the aforementioned materials at the same time, it is named a hybrid 

supercapacitor. This type of supercapacitors have higher power density and better 

rate capability than the others. They are safer compared to batteries and need less 

maintenance. Also their cycle life is longer than their counterparts [15]. 
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Figure 1.3. Classification of the supercapacitors [15].  

1.1.2.1 Electrical Double-Layer Capacitors 

EDLCs store energy electrostatically via reversible adsorption of ions of 

electrolyte onto high surface area and electrochemically stable carbon materials [6]. 

The concept of the double-layer which is the basis of EDLCs has been known to 

scientists since the 1800s when Helmholtz first proposed and modeled it in his study 

on colloidal suspensions. However, the practical utilization of double-layer 

capacitors for electrical energy storage became possible following the use of porous 

carbon electrodes and aqueous electrolytes in 1957. The fact that EDLCs actually 

store charge in the electrical double-layer with no redox reaction at the electrode-

electrolyte interface was proved in 1966. The first commercial double-layer 

supercapacitors were made of carbon paste electrodes originated from an electrolyte 
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soaked porous carbon with an ion-permeable separator. Although license of these 

early devices was transferred to another company in 1971 due to the lack of sales, 

they were further improved and marketed especially for memory backup 

technologies. Today, a large number of high throughput EDLC devices are 

commercially available from a variety of manufacturers (Maxwell Technologies, 

Murata Manufacturing, Skeleton Technologies, etc.) and suppliers worldwide for an 

increasing number of applications [2]. 

As given in Figure 1.4, EDLC fabrication is similar to battery fabrication in 

which two electrodes are placed in an electrolyte. Between the electrodes, an ion-

permeable separator is positioned to avoid short circuits in the devices. During 

charging, the cations and anions of the electrolyte migrate towards the negative and 

positive electrodes, respectively, forming two double-layers on each electrode–

electrolyte interface. Since each interface contains a capacitor, it is possible to think 

of the complete device as two capacitors connected in series [2]. 

 

Figure 1.4. Schematic illustration of an EDLC in its charged state [2]. 
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1.1.2.1.1 Models of Electrical Double-Layer 

Charge separation is observed at the electrode–electrolyte interface with 

polarization, forming a double-layer capacitance as Helmholtz proposed in 1853. 

This capacitance model was then improved by Gouy, Chapman and Stern, who 

claimed the existence of a diffuse region in the electrolyte because of the ion 

population close to the surface of the electrode [4].  

It is useful to briefly mention these models in the order that they were 

historically developed in the process. The phenomenon of double-layer is based on 

a model composed of two layers of opposite charges, facing each other and 

positioned within an atomically small distance. Hermann von Helmholtz used this 

model to explain his understanding of the distribution of negative and positive 

charges, quasi-2-dimensionally, first at the interface of colloidal particles. An 

illustration of this model with its compact structure is seen in Figure 1.5 (a). This 

was later named as Helmholtz double-layer model [1]. 

 

Figure 1.5. Double-layer models: (a) Helmholtz model, (b) Gouy point-charge 

model, and (c) Stern model which is a combination of Helmholtz and Gouy models 

[1]. 

After examination on Helmholtz’s model, it was recognized that ions located 

in the solution part of the double-layer is not static in a restricted area as shown in 

Figure 1.5 (a). Instead, they are exposed to the thermal fluctuation effects with 
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respect to Boltzmann principle. Gouy described this thermal fluctuation in an 

alternative explanation of the double-layer. According to Gouy, the oppositely 

charged ions conjugate to the electrons found on the metal surface were considered 

as a 3-dimensional diffusely distributed population of anions and cations. These ions 

have a net charge opposite and equal to the virtually 2-dimensional electron deficit 

or excess charge on the surface of the metal. This description is known as Gouy 

point-charge model and is schematically illustrated in Figure 1.5 (b). This model was 

then mathematically refined by Chapman in 1913 by using combined application of 

Poisson’s electrostatic equation and Boltzmann’s energy distribution equation.  

After the recognizing of overestimation problem of the double-layer 

capacitance in Gouy-Chapman model, the efforts were focused on this problem and 

finally Stern overcame it in 1924. As shown in Figure 1.5 (c), in Stern model there 

is an inner layer of the ion distribution compatible with an adsorption mechanism 

with respect to Langmuir’s adsorption isotherm referred as Helmholtz layer. Beyond 

Helmholtz layer, into the solution, there is a region of distributed charged ions 

obeying Gouy-Chapman model named as diffuse layer. Aforementioned three 

models have been further improved by many researchers until today and became the 

base of the modern models [1]. 

1.1.2.1.2 Carbon Materials 

In EDLCs, carbon and its wide variety of derivatives, are currently the most 

extensively investigated and used electrode materials thanks to their high 

conductivity and high surface area. Thus, many industry establishments specialized 

on carbon are now considering supercapacitors as an attractive market for their 

devices. Carbonaceous materials have long been utilized in the electrodes of energy 

storage systems as supports for active materials, conductive additives, intercalation 

components, current collectors and electron transfer agents [16]. Therefore, it is quite 

inherent to consider carbonaceous materials are also ideal materials for EDLC 
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electrodes. The interest in carbon as a supercapacitor electrode material stems from 

the mixture of chemical and physical properties of supercapacitors, such as: 

• high surface area, 

• high conductivity, 

• controllable pore structure, 

• good corrosion stability, 

• high temperature stability, 

• relatively low cost, 

• and compatibility in nanocomposite materials [17]. 

The capacitance of carbonaceous materials is directly proportional to its 

available specific surface area. In order to measure the specific surface area of 

carbonaceous materials gas adsorption technique (generally nitrogen at 77 K) and 

following, Brunauer-Emmett-Teller (BET) theory are widely used. The areal 

capacitance values of some carbonaceous materials are provided in Table 1.1. It is 

obviously seen that the reported areal capacitances are strongly dependent on the 

morphology and change significantly with the type of the carbonaceous material. 

Table 1.1 Typical areal capacitance values of some carbonaceous materials [17]. 

Material Electrolyte 

Areal Capacitance 

(μF/cm2) 

Specific Surface 

Area (m2/g) 

Activated 

carbon 10% NaCl 19 1200 

Carbon black 1 M H2SO4 8 80-230 

Graphite 

powder 10% NaCl 35 4 

Carbon aerogel 4 M KOH 23 650 

Carbon fiber 

cloth 

0.51 M Et4NBF4 

in PC 6.9 1630 

Et4NBF4: Tetraethylammonium tetrafluoroborate, PC: Propylene carbonate. 
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A great number of studies are currently being conducted for the synthesis of 

carbonaceous materials with a controlled pore size distribution to obtain 

supercapacitor electrodes with high conductivity and specific capacitance. The 

integration of pseudocapacitive materials (for example, conducting polymers and 

metal oxides) into carbonaceous materials also attracts a growing interest in terms of 

enhancing the specific capacitances and widening the voltage window of the 

supercapacitors. The ultimate goal in this area is to increase the specific energy of 

carbon-based supercapacitor electrodes without compromising their high-level 

specific power [17]. 

1.1.2.2 Pseudocapacitive Supercapacitors 

The performance of EDLCs depends on the electrostatic forces to which ions 

are exposed in the electrode/electrolyte interface. Carbonaceous materials are the 

most common active materials for EDLCs thanks to their high porosity and specific 

surface area compatible with the ion sizes. However, a carbon material has a constant 

surface capacitance more or less around 10 μF/cm2 independent of its pore size, 

texture and origin. In other words, using only a pure carbonaceous material in 

supercapacitors provides limited gravimetric specific capacitance in the band of 100-

200 F/g depending on the type of the electrolyte. However, in a supercapacitor 

device, if quick faradaic reactions exist in addition to electrostatic forces, measured 

capacitance values can increase significantly. Since the charge transferred within 

these faradaic reactions is proportional to potential, this concept is named as 

pseudocapacitance. In supercapacitor literature prominent materials that exhibit 

pseudocapacitance behavior are transition metal oxides, conducting polymers and 

functionalized carbons. Except for electrode materials, it was proved that 

pseudocapacitance can arise from redox reactions and/or chemisorption of 

electrolyte species [18]. 

In Figure 1.6, difference between the electrical double-layer and the 

pseudocapacitance is schematically illustrated. The double-layer seen in Figure 1.6 
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(a) is a result of adsorption of negative electrolyte ions on the positively charged 

surface of the electrode composed of carbon particles. Specific surface area of 

materials is directly proportional with the number the of the adsorption sites that the 

electrolyte ions can be attached. Porous carbon has higher specific surface area than 

carbon particles and thus it provides higher specific capacitance through storing 

higher number of charges. This is due to its intricate pore structure as shown in 

Figure 1.6 (b). But this two double-layer capacitance mechanism does not include 

redox reactions and therefore shows low specific capacitance. In Figure 1.6 (c) and 

(d) schematic illustrations of the mechanism of the pseudocapacitance giving higher 

specific capacitance values compared to double-layer capacitance are demonstrated. 

Redox pseudocapacitance is depicted in Figure 1.6 (c) with positively charged ions 

adhering to the surface or penetrating just under the surface of the electrode as 

observed in manganese dioxide (MnO2) based pseudocapacitors [19]. In Figure 1.6 

(d) intercalation pseudocapacitance is shown by exemplifying Li+ ions inserted into 

the electrode material as observed in vanadium pentoxide (V2O5) based 

pseudocapacitors [20]. 

 

Figure 1.6. Schematic illustrations of capacitive energy storage mechanisms of (a) 

carbon particles, (b) porous carbon, (c) redox pseudocapacitance and (d) 

intercalation capacitance [7]. 
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1.1.2.2.1 Differences of Pseudocapacitors from EDLCs and Batteries  

As a concept of energy storage, pseudocapacitance is in a position between 

batteries and EDLCs which store charges completely in the double-layer on a 

material having high surface area. Pseudocapacitance is predominantly based on 

redox reactions triggered by the intercalation of charge compensating ions, such as 

Na+ or Li+. Cyclic voltammetry (CV) curves present valuable information for 

classification of the charge storage mode. Upon potential scanning, EDLCs generally 

exhibit a potential-independent capacitance and, thus potential-independent current 

as seen in Figure 1.7 (a). Conversely, batteries have evident and widely separated 

peaks, as seen in Figure 1.7 (g) and (h), arising from the oxidation and reduction of 

the electrode materials. In EDLC devices, constant current discharge causes a linear 

potential (E) versus time (t) graph as seen in Figure 1.7 (c), while in batteries, as 

demonstrated in Figure 1.7 (i), upon discharge a nonlinear E versus t profile is 

observed. This type of discharge profile is recognized through plateaus of almost 

constant potential associated with the potentials at which the Faradaic oxidation or 

reduction reactions take place. When properties which might be placed between 

these two extremes are observed, one can claim the presence of the 

pseudocapacitance. A pseudocapacitor usually shows the electrochemical 

characteristics of one, or a combination, of the following mechanism: surface redox 

mechanism (e.g., MnO2 in neutral, aqueous electrolytes, Figure 1.7 (b)), 

intercalation-type mechanism (e.g., lithium insertion in niobium pentoxide (Nb2O5) 

in organic electrolytes, Figure 1.7 (d)), or intercalation-type mechanism having 

broad and electrochemically reversible redox peaks (e.g., titanium carbide (Ti3C2) in 

acidic, aqueous media, Figure 1.7 (e)) [21].  
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Figure 1.7. (a, b, d, e, g, h) CV and (c, f, i) related galvanostatic discharge curves 

for different types of energy storage materials [21]. 

1.1.2.2.2 Transition Metal Oxides 

Metal oxides can be used as nanocomposite reinforcements to enhance 

mechanical and electrochemical properties of the supercapacitors [22]. Highly 

pseudocapacitive RuO2 is the most commonly known metal oxide; but its widespread 

use in commercial products is limited [14]. This is because it has two major 

drawbacks, which are the high cost and toxicity. Hence, numerous research groups 

were focused on the development of alternative, cost-effective metal oxides such as 

molybdenum dioxide (MoO2), MnO2, cobalt oxide (Co3O4), nickel oxide (NiO) and 

V2O5 for pseudocapacitive electrodes [4,14,23,24]. 

RuO2 shows quite high specific capacitance of up to 750 F/g [25]. As a 

conducting metal oxide, RuO2 was quite popular electrode material in early 

supercapacitors used for military and space applications [26]. In addition to the high 

specific capacitance, low resistance leads to very high specific powers in RuO2-based 

supercapacitors. It can be determined by a rough calculation that in a typical RuO2-
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based device, 90% of the cost is due to the electrode material. Moreover, RuO2 

exhibits better performance in aqueous electrolytes and this is a limiting factor for 

the nominal cell voltage [27]. 

In Table 1.2 properties of some metal oxides except for RuO2 are provided. 

V2O5 has the highest specific capacitance but at the same time it shows poor cycle 

life. Its capacitance notably decreases only after a few hundred cycles. On the other 

hand, MnO2 exhibits longer cycle life and high capacitance. It has also the potential 

to be a positive electrode material for asymmetric supercapacitors. These make 

MnO2 the leading alternative to RuO2 [28]. 

Table 1.2 Properties of some metal oxides [28]. 

Compound Crystal Structure Voltage Window (V) Specific Capacitance (F/g) 

MnO2 Amorphous 0-1 150 

Fe3O4 Magnetite -0.7-0.2 75 

V2O5 Amorphous -0.2-1 170 

1.1.2.2.3 Conducting Polymers 

Conducting polymers (CPs) show pseudocapacitive properties and are 

desirable for high performance supercapacitor applications. Their conductivities are 

quite high in charged state and they are capable of fast charge-discharge. Various 

CPs have been intensively investigated as active supercapacitor electrode materials. 

The most commonly used CPs include polythiophene (PTh) [29], polypyrrole (PPy) 

[30], polyaniline (PANI) [31] and their derivatives [32]. Chemical structures of 

common CPs are provided in Figure 1.8. 
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Figure 1.8. Chemical structures of some common CPs, such as poly(3,4-

ethylenedioxythiophene) (PEDOT), polyacetylene (PA), poly(p-

phenylenevinylene) (PPV), PTh, PPy and PANI [33]. 

The use of polymeric materials in supercapacitors has sparked a debate over 

whether such devices should still be classified as supercapacitors or better described 

as batteries. According to their CV behavior and voltage transient during charge and 

discharge, they can be assumed as batteries. However, it is easily understood that 

they are closer to supercapacitors compared to metal oxides. While the metal oxides 

show a series of redox reactions, the CPs typically exhibit only one redox peak. The 

most prominent disadvantage of CPs is the poor stability during cycling. Shrinking 

and swelling is observed upon charging and this might cause degradation in the 

electrodes [27]. Performance data of some common CPs used in supercapacitors are 

given in Table 1.3. 
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Table 1.3 Performance data of symmetric supercapacitor devices with some 

common CPs [2]. 

CP Electrolyte VW (V) Csp (F/g) E (Wh/kg) P(W/kg) Cycles Csp Fade 

PANI Aqueous 0.5-1.2 120-1530 9.6-239 59-16000 1500 1-13% 

PANI Nonaqueous 1 100-670 70-185 250-7500 9000 9-60% 

PPy Aqueous 0.7-2 40-588 12-250 - 10000 9-40% 

PPy Nonaqueous 1-2.4 20-355 10-25 2-1000 10000 11-45% 

PTh Nonaqueous 3 1.6-6 - - 5000  

PEDOT Nonaqueous 0.8-2.7 121 1-4 35-2500 - - 

VW: Voltage window, Csp: Specific capacitance, E: Energy density, P: Power 

density. 

1.1.3 Favored Electrolytes for Supercapacitors 

The electrolyte types that are utilized in supercapacitors can be divided into 

three main classes as aqueous, non-aqueous organic solvents, and ionic liquids (ILs). 

Some properties of these electrolytes are given in Table 1.4. Electrochemical voltage 

is a substantial parameter for both specific power and energy densities of 

supercapacitors since the ultimate working voltage is directly related to stability of 

the electrolyte. Aqueous electrolytes were the primary choice for early 

supercapacitors but in recent years there has been an increased demand for organic 

electrolytes and ILs. This is due to search for higher specific energy, which is a result 

of their wider electrochemical windows compared to the counterparts [2].  
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Table 1.4. Some properties of different electrolyte types [2]. 

Electrolyte 

Electrochemical 

Window (V) 

Ionic 

conductivity Viscosity Cost Toxicity 

Assembly 

environment 

Aqueous ≤1 B D D D Air 

Organic 2.5-2.7 D B/C B/C B/C 

Inert 

atmosphere 

Ionic 

liquids 3-6 E B A D 

Inert 

atmosphere 

A: Very high, B: High, C: Moderate, D: Low, E: Very low. 

1.1.3.1 Aqueous Electrolytes 

Aqueous electrolytes show one order of magnitude higher conductivity 

values (e.g. for 1 M H2SO4 at room temperature (RT), 0.8 S/cm2), compared to that 

of IL and organic electrolytes. This property is useful for decreasing the ESR that is 

crucial for efficient power delivery of supercapacitors. The sizes of hydrated and 

bare ions, and accordingly their mobility values are influential not only on the ionic 

conductivity but also on the specific capacitance. The sizes and ionic conductivities 

of some ions are provided in Table 1.5. In addition to these values, electrochemical 

window and corrosion behavior should be considered in the selection of the 

electrolyte [34]. 

Essentially, aqueous electrolytes can be classified into three main groups as 

acidic, neutral and alkaline, (H2SO4, sodium sulfate (Na2SO4) and potassium 

hydroxide (KOH), respectively, are widely used examples of these three groups). 

The narrow electrochemical window arising from the decomposition of water is the 

most prominent drawback of aqueous electrolytes. Around 1.23 V, water 

decomposes and oxygen evolution reaction at the positive electrode takes place, 

which may cause deformation of the electrodes. This is a factor adversely affecting 

the performance and the safety of a device. In order to prevent this reaction, 
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supercapacitor devices containing aqueous electrolytes are generally operated up to 

a voltage of 1 V. In addition, working temperature range of supercapacitors 

containing aqueous electrolytes has to be between boiling and freezing points of 

water [34].   

Table 1.5. The sizes of bare and hydrated forms, and ionic conductivities of some 

ions [34]. 

Ion Bare ion size (Å) Hydrated ion size (Å) 

Ionic conductivity  

(S cm2/mol)  

H+ 1.15 2.8 350.1 

Li+ 0.6 3.82 38.69 

NH4
+ 1.48 3.31 73.5 

Cl- 1.81 3.32 76.31 

OH- 1.76 3 198 

SO4
-2 2.9 3.79 160 

1.1.3.2 Organic Electrolytes 

The utilization of organic electrolytes in supercapacitors basically results 

from higher operating voltages or in other words wider decomposition limits of such 

electrolyte solutions. This is a significant advantage over aqueous electrolytes 

because the amount of energy increases with the square of voltage (Equation 1.3). 

Decomposition limits of some common organic electrolytes are provided in Table 

1.6 [1]. 

Numerous organic electrolyte-solvent systems are available and have been 

widely studied up to now. For example, tetraalkylammonium salts have come to the 

fore due to their relatively high conductivity and good solubility in organic solvents. 

Utilization of such salts significantly decrease the possibility of alkali-metal coating 

on a supercapacitor cathode in case of unexpected overcharge. Despite these 

advantages, such electrolytes must be quite pure and thus are very costly. In addition, 
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they should be dry, otherwise hydrogen and oxygen formation triggered by charging 

can be seen. Following this, recombination shuttle reactions causing self-discharge 

can also be observed. In addition to these, they may decompose upon intense 

overcharge, which typically begin from the negative electrode [1].  

Table 1.6. Electrochemical window of some organic electrolyte solutions [1]. 

Solvent Electrolyte 

Anodic  

limit (V) 

Cathodic  

limit (V) 

Working  

electrode Reference 

AN LiClO4 2.6 -3.5 Pt Ag-AgClO4 

PC LiClO4 2.3 -2.2 Pt Ag-Ag+ 

PN Bu4NPF6 3.7 -3 Pt Ag-AgCl 

AN: Acetonitrile, PC: Propylene carbonate, PN: Propionitrile, Bu: n-butyl. 

1.1.3.3 Ionic Liquids 

Ionic liquids (ILs, also called as room temperature or low temperature molten 

salts) are described as salts consisting of only ions (anions and cations) and having 

melting points lower than 100 °C. As seen in Figure 1.9, ILs can be grouped as 

aprotic, protic and zwitterionic according to their composition [34]. The stability 

voltage window of ILs is solely affected by the electrochemical stability of the ions. 

If cations and anions are selected properly, it becomes possible to design high voltage 

supercapacitors. Currently, commercial products having 3 V voltage window and 

1,000 F capacitance can be found in the market [35]. Nevertheless, at RT the ionic 

conductivity of ILs is quite low and thus they are generally used at higher 

temperatures. In the typical supercapacitor operation temperatures (-30 °C to +60 

°C), ILs cannot fulfill the needs of the supercapacitor devices due to their insufficient 

ionic conductivity. Yet the presence of a great many combinations of cations and 

anions make it possible to obtain an IL electrolyte showing an ionic conductivity of 

40 mS/cm at RT and a voltage window of >4 V [4].   
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Figure 1.9. Schematics of aprotic, protic and zwitterionic types of ionic liquids 

[34]. 

1.1.4 Electrochemical Apparatus and Test Configurations 

Electrochemical workstations generally consist of three main units: a 

computer, a signal waveform generator (SWG) and a potentiostat/galvanostat (PG). 

The computer sends different commands to the SWG/PG block and receives all 

measurement parameters from the users. SWG/PG block applies the necessary 

potentials or currents to the electrochemical cell and thus the electrochemical test 

starts. There are two groups of electrochemical techniques which are transient 

methods (chronoamperometry, chronopotentiometry, CV, etc.) and stationary 

techniques (electrochemical impedance spectroscopy (EIS), rotating disk electrode, 

etc.) [36].  

The characterization of an electrochemical cell can be carried out by using 

both two-electrode and three-electrode measurements. Essentially, while the current 

passes through a counter electrode (CE) and a working electrode (WE), the voltage 

is controlled (or recorded) between a reference electrode (RE) and the WE. Since RE 

and the CE are shorted in a two-electrode configuration (Figure 1.10 (a)), the 

controlled (or recorded) voltage is the cell voltage. In a three-electrode cell (Figure 
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1.10 (b)), another electrode is placed between the WE and CE, serving as the RE. 

Here the important point is that RE selected for this configuration should have an 

ideal nonpolarizable behavior, in other words, voltage of RE should be constant at 

different current densities. Thus, the WE voltage can be determined or controlled 

properly [36]. 

 

Figure 1.10. Schematic illustration of (a) two-electrode and (b) three-electrode 

electrochemical test configurations [36]. 

1.1.5 Frequently Used Electrochemical Techniques 

1.1.5.1 Cyclic Voltammetry 

Cyclic voltammetry (CV) is an extensively employed potential-dynamic 

electrochemical test. It is used to collect quantitative and qualitative data about 

solution and surface electrochemical reactions, such as electrochemical kinetics, 

reaction reversibility, reaction mechanisms, electrocatalytic processes, and influence 

of electrode properties on these parameters. The CV test is normally conducted in a 

three-electrode configuration or electrochemical cell consisting of a WE, CE, and 

RE but it can also be conducted in a two-electrode cell applying necessary procedure. 

The potential of the working or target electrode in a sample is tested against the 

reference electrode by back and forth linear scanning between the preset lower and 

upper potential limits during a CV measurement [28]. 
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In a cyclic voltammogram, an ideal double-layer capacitance of a 

supercapacitor is recognized through a rectangular shape of the voltammetry curves 

as seen in Figure 1.11. Upon applying an opposite potential, the sign of the current 

is reversed immediately. In this kind of charge storage, current is independent of 

potential and purely electrostatic mechanism is valid. On the other hand, 

pseudocapacitive materials show deviation from such a rectangular shape and 

reversible redox peaks arising from pseudofaradaic processes are observed. In such 

materials, the effect of the electrode potential on the charge stored in the 

supercapacitor is quite dominant. Due to kinetically slow pseudocapacitive processes 

during charging, a potential delay is observed upon reversal of the applied potential 

[37].  

 

Figure 1.11. Typical cyclic voltammetry characteristics of a supercapacitor [37]. 

1.1.5.2 Galvanostatic Charge-Discharge 

Galvanostatic charge-discharge (GCD) or chronopotentiometry is one the 

most commonly used techniques to evaluate ESR, cycle life, power and energy 
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densities of a supercapacitor. The conventional two-electrode or three-electrode cells 

can be used for GCD tests similar to CV measurements. However, in cycle life 

determination, two-electrode configuration is generally preferred since it can 

realistically simulate the practical operating conditions. In a standard GCD test, 

voltage change is monitored according to charge-discharge time under constant 

applied current. Unlike GCD, potentiostatic charge-discharge (chronoamperometry) 

in which cell current is measured with respect to charge-discharge time is rarely 

preferred for testing of supercapacitors [28]. 

The best way to calculate cell capacitance is to use GCD curves with the 

following equation: 

𝐶 =
𝐼

𝑑𝑉
𝑑𝑡

     (1.5) 

,where C (F) stands for the capacitance, I (A) represents the discharge current and 

dV/dt (V/s) represents the slope of the GCD curve. For packaged products in 

supercapacitor industry, GCD is widely used to determine capacitance and it helps 

to find device limits in many applications. There is an IR (𝑉 = 𝐼𝑅) drop on the upper 

part of the discharge curve arising from internal resistance and for typical EDLC 

materials the rest of the curve is linear. The curves of pseudocapacitive and hybrid 

electrodes can deviate from linearity with changing voltage and accordingly 

capacitance. For example, GCD curve of an asymmetric MnO2/activated carbon 

supercapacitor is shown in Figure 1.12. When the maximum voltage of 2.2 V is 

reached, the GCD profile is no longer symmetrical demonstrating non-capacitive 

behavior [38]. 
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Figure 1.12. GCD curves of an asymmetric MnO2/activated carbon supercapacitor 

measured within different voltage windows [38]. 

1.1.5.3 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) or alternating current (AC) 

impedance spectroscopy is a comprehensive test for the characterization of energy 

storage systems including supercapacitors. ESR, charge transfer resistance and ionic 

resistance can be determined using EIS. With this technique ex-situ measurements, 

which are useful for design and improvement of supercapacitors can be conducted. 

In addition, in-situ measurements which are generally used for the analysis of a 

single supercapacitor device under practical operating conditions are possible with 

EIS. Collected EIS data are usually demonstrated as Nyquist plots that provide 

information about the relationship between components of the resistance [28]. 

EIS is a very helpful measurement for the determination of capacitance since 

it can present complementary information such as frequency dependence. As an 

illustration, a Nyquist plot showing impedance spectrum (between 2 kHz and 8 mHz) 

of a supercapacitor device formed using 20 activated carbon electrodes is shown in 

Figure 1.13. At 100 mHz, there is a knee frequency, which separates two different 

behaviors of the supercapacitor. Below this knee frequency, the supercapacitor 



 

 

28 

behaves closely to an ideal capacitor since the resistance is affected weakly by the 

frequency. On the other hand, above this point the resistance is significantly affected 

by the changing frequency. In addition, the EIS data for this particular example also 

varies significantly with the number and the thickness of the electrodes [37]. 

 

Figure 1.13. Nyquist plot of a supercapacitor device formed by 20 activated carbon 

electrodes [37]. 

1.1.5.4 Performance Metrics of Supercapacitors 

In order to evaluate the performance of a supercapacitor device accurately, 

the use of a Ragone plot considering only gravimetric energy and power densities 

may not be enough. This is because the weights of the other device components are 

ignored in such an approach. Similar to Li-ion batteries, supercapacitors consist of 

electrolyte, separator, binder, current collectors, packaging parts and connectors 
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along with the electrodes. Carbonaceous materials, for example, occupy around 30% 

of the total weight of the finished commercial products. Thus, a coefficient of 3 to 4 

is usually used to estimate more realistic power and energy densities of the systems. 

For instance, the energy density of a carbon-based electrode decreases to 5 Wh/kg 

from 20 Wh/kg [39].  

This uncertainty stems from the preference of gravimetric energy and power 

densities over volumetric values. Most nanomaterials, such as graphene and carbon 

nanotubes, have a low packing density which results in empty space within the 

electrode. This space is filled with electrolyte, thus increasing the total mass of the 

device without increasing the capacitance. An extreme example of such materials 

would be carbon aerogels with 90% porosity. The volumetric energy density of such 

a material would be 20% of another electrode with only 50% porosity. Gravimetric 

and volumetric Ragone plots of the supercapacitors fabricated using same carbon 

material are provided, in Figure 1.14 (a) and (b), respectively. Here, one can easily 

see the performance drop of the materials in the transition from gravimetric to 

volumetric values. Moreover, it is understood that materials cannot carry their 

extremely high performance to medium- and large-scale systems if low-density 

and/or thin-film electrodes are preferred [39]. 

 

Figure 1.14. (a) Gravimetric and (b) volumetric Ragone plots of the supercapacitors 

fabricated using the same carbon material [39]. 
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For microdevices and thin-film supercapacitors, the gravimetric energy 

density may be considered nonsense when compared with areal and volumetric 

values. This is because the weights of the active materials deposited in the form of a 

microscale-thin film on a nanotube layer or a chip attached to a smart fabric are 

negligible. These devices might have quite high discharge rates and gravimetric 

power densities; however, those properties cannot be scaled up linearly with the 

electrode thickness. In other words, the devices are not able to be scaled up to power 

an electric vehicle [39]. 

1.2 Nanomaterials for Energy Storage Applications 

Nanomaterials enhance electronic conductivity and ionic transport to a great 

extent compared to conventional supercapacitor and battery materials. They provide 

high specific capacitance and rapid ion diffusion as they allow to occupy of all 

possible intercalation sites in the structure of the material. Thanks to these properties 

of nanomaterial-based devices, they can be operated at high currents. Thus they are 

preferred in energy storage applications that require high-power and high-energy. 

Nevertheless, there are still several problems about their utilization in energy storage 

applications. Except for carbon coatings on silicon particles and multiwall CNT 

additives in lithium-ion battery electrodes, the utilization of nanomaterials in 

commercial products is quite limited. After years of research, an extensive 

nanomaterials literature with various chemical compositions and morphologies 

emerged, including oxides, carbides, chalcogenides, carbon and elements found in 

lithium alloys. This literature contains different types of particles, such as zero-

dimensional nanoparticles and quantum dots; one-dimensional nanowires, 

nanotubes, and nanobelts; two-dimensional (2D) nanosheets and nanoflakes; and 

three-dimensional (3D) porous nanonetworks. These chemically diverse nanoscale 

building blocks combined with lithium ions and beyond lithium ions are capable of 

proposing new approaches for energy storage, which are not possible with 
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conventional materials. Figure 1.15 illustrates some manufacturing techniques and 

energy storage applications of different types of nanomaterials [40]. 

 

Figure 1.15. Examples of manufacturing techniques and energy storage 

applications of nanomaterials [40]. 

In summary, nanomaterials are advantageous for the energy storage 

applications because of the following reasons:  

1. Short diffusion distances in nanomaterials provide faster charging for the 

devices and obtaining high current in a short time, i.e., increasing the power. 

2. Large expansion due to microparticles causing short cycle lives and failures 

can be avoided using nanomaterials. 

3. Nanomaterials improve the transport of multivalent ions, which is slow in 

bulk materials [41]. 
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1.2.1 Nanocomposite Materials for Supercapacitors 

Composites, which are one of the most prominent materials of today’s 

technology, are composed of at least two components comprising a continuous 

matrix phase and a discontinuous support material to take the advantage of the best 

properties from each component. Composites are usually divided into three main 

groups named as macrocomposites, microcomposites, and nanocomposites with 

respect to the dimensions of the support in the structures. Nanocomposites leading 

to remarkable properties can be fabricated by the use of support materials below 100 

nm in size. Due to their superior properties, nanocomposites have been widely 

utilized in various applications such as electronics and energy storage in recent years 

(Figure 1.16) [42].   

 

Figure 1.16. Application examples of nanocomposite materials [42]. 

Combining the unique superiorities of different nanoscale materials for the 

fabrication of nanocomposite supercapacitors needs special attention. This is 

because the obtainment of high-performance supercapacitors is possible through 

controlling, improving and optimizing the properties and structures of the electrode 
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materials. Substantially the individual components determine the properties of 

nanocomposite electrodes but the contribution of the morphology and interfacial 

characteristics cannot be ignored. In the recent years, notable studies have been 

conducted to improve all types of nanocomposite supercapacitor materials, such as 

mixed metal oxides, graphene mixed with metal oxides, conducting polymers mixed 

with metal oxides, and carbon nanotubes mixed with conducting polymers. In 

supercapacitor applications, parameters such as material selection, synthesis 

techniques, surface area, nanocrystallite size, and electrical conductivity should be 

taken into account for fabrication and design of electroactive nanocomposite 

materials. Although the field of nanocomposite supercapacitor electrodes has 

witnessed challenging extraordinary developments, many challenges still remain to 

be overcome [43]. 

1.3 Dissertation Objectives 

Supercapacitors are the most promising energy storage devices to replace 

batteries. The behaviors of individual materials in the supercapacitor applications 

have been studied for many years and the level of the knowledge in this area is quite 

high. As in other fields of the materials science, nanocomposites find wide 

application areas in the supercapacitor world as well. There are numerous studies to 

develop nanocomposite supercapacitor electrodes in the literature, but there are still 

missing parts and fundamental and practical questions to be answered. 

This dissertation focuses on the following questions to find enlightening and 

guiding answers:  

1. To what extent it is possible to develop nanocomposite supercapacitors 

without compromising the superior properties of the individual materials? 

2. What are the contributions of nanocomposites to low energy density, which 

is the biggest problem for supercapacitors to approach batteries? 
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3. What can nanocomposites bring in supercapacitors within today’s hot topics 

such as long cycle life, flexibility, and environmentally friendly devices?  

In the light of these questions, the next six chapters aim to achieve the 

following objectives: 

Chapter 2: to find the effects of deposition of polyaniline on vertically aligned 

carbon nanotubes, 

Chapter 3: to examine the accordance of expanded graphite-polypyrrole couple in 

a nanocomposite electrode, 

Chapter 4: to investigate the contribution of carbon nanoflakes to manganese 

dioxide as an active material in an electrode, 

Chapter 5: to reveal the positive aspects of combination of reduced graphene oxide 

aerogel and molybdenum disulfide in a nanocomposite electrode,  

Chapter 6: to determine the advantages of hexagonal boron nitride-molybdenum 

disulfide nanocomposite electrode over bare molybdenum disulfide electrode, 

Chapter 7: to observe the performance of a hexagonal boron nitride-polyvinyl 

alcohol nanocomposite separator in a symmetric titanium carbide supercapacitor. 
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CHAPTER 2  

2 VERTICALLY ALIGNED CARBON NANOTUBE – POLYANILINE 

NANOCOMPOSITE SUPERCAPACITOR ELECTRODES 

2.1 Introduction 

Recently, supercapacitors are started to be considered to complement the fuel 

cells to improve their power density. The fuel cell vehicle is accepted as the vehicle 

of the future in response to environmental, economic and political considerations. 

Most recent technology on fuel cell vehicles includes hybrid fuel cells [44]. The next 

generation of hybrid vehicles and all-electrical automobiles based on fuel cells that 

consume alcohol or hydrogen as the clean energy sources need supercapacitors for 

high fuel efficiency [45]. The fuel cell largely compensates power demand, while a 

small battery can be used to meet peak power requirements. Similar benefits can be 

observed through hybridization of fuel cells with supercapacitors [46]. 

Disadvantages of designing a system with a single fuel cell are the slow dynamic 

response and long start-up time. On the other hand, a supercapacitor is a useful 

energy storage system to combine with the fuel cell to design a hybrid system capable 

of providing both the peak and steady-state power demand [47]. Supercapacitors 

have some advantages compared to batteries in hybrid fuel cell applications. They 

can be charged/discharged at high rates and have very low ESR. One of the most 

visible advantages of supercapacitors is the simplicity of connection to the fuel cell 

system. Different from a battery device, a supercapacitor can be directly combined 

with the fuel cell without costly components [46]. In order to determine the accuracy 

of the supercapacitors, Shin et al. [46] designed a supercapacitor/proton-exchange 

membrane fuel cell hybrid device. The device consumed 6.8% less fuel with respect 

to a standard fuel cell on average, and 17.5% at best, with a 50% improvement in 

peak power capacity. Harfman-Todorovic et al. [47] explained the fuel consumption 
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decrease as a function of the ripple current frequency in a fuel cell-supercapacitor 

hybrid. This is because the high frequency ripple current does not present a large 

output voltage change in the hybrid system, which directly means lower demand on 

hydrogen flow. As an alternative application field for fuel cells and supercapacitors 

Unda et al. [48] investigated the limits and potential of a novel hydrogen storage 

mechanism. This mechanism involved electrochemical division of protons and 

electrons on a polymer electrolyte membrane of a fuel cell-like electrode and 

following their storage in the electrical double-layer on a supercapacitor-like 

electrode. The highest storage capacities of hydrogen were determined as 0.17 and 

0.13 wt.% in charging and discharging, respectively. Although the H2 storage 

capacities were low, the combustion energy of the stored hydrogen within the cell 

was still 2.6 times higher compared to the stored electrical charge in a symmetric 

supercapacitor of similar quality. A capacitance of 11 mF/cm2, which is comparable 

to that of a commercial EDLC was obtained with H2SO4 electrolyte. 

Carbon can be found in a variety of crystal structures because of the various 

bonding configurations resulting from hybridization [49]. Conductivity and stability 

of almost all carbonaceous materials are very high. Moreover, they have controllable 

pore size and pore size distribution, which are important for supercapacitor 

applications [17]. Carbonaceous materials have already been utilized or have 

potential to be utilized as supercapacitor electrodes in the form of activated carbons, 

carbon nanotubes (CNTs), graphene, carbon fibers, and carbon aerogels [50–54]. 

Among these, CNTs have low electrical resistivity due their nanoscale tubular 

morphology [55]. They can be visualized as graphene sheets rolled in the form of a 

tube along their long axes [56]. Mobility of the charges in the CNTs is quite high 

through porous structure and central channels of the tubes. However, entangled 

CNTs exhibit slower electron and ion transfer because of their complex structure, 

which obstructs the diffusion of the ions to each CNT. On the contrary, vertically 

aligned carbon nanotube (VACNT) based electrodes present higher conductivity 

across the CNT length and their specific surface area is larger than that of entangled 

CNTs [57]. 
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In electrochemical devices, deposition of CNTs on metallic foils, especially 

on aluminum foils is very common. Huang et al. [58] used household aluminum foil 

as the substrate for the formation of VACNT and polyaniline deposition. In a very 

similar study, Doğru et al. [59] fabricated flexible supercapacitor electrodes with 

VACNTs synthesized on aluminum foils. Despite the fact that the melting point of 

aluminum is quite low compared to most of the other substrate materials, direct 

deposition of CNTs on aluminum substrates can be carried out via controlled 

chemical vapor deposition (CVD) conditions. Availability, low cost and flexibility 

of aluminum foils make them very attractive as current collectors for supercapacitor 

electrodes. Thus, supercapacitor electrodes with VACNT decorated aluminum foils 

were investigated and found to exhibit significant cyclic stability and low resistance 

[60]. In fact, the use of CNTs synthesized on aluminum foils is not only limited to 

supercapacitors but also demonstrated for battery electrodes [61]. 

CNT growth by CVD method includes self-assembly of carbon atoms near 

the catalytic metal nanoparticles. In other words, metal nanoparticles can be thought 

as templates, where carbon compounds decompose and CNT growth starts [62]. 

While the CNT growth progresses, metal nanoparticles saturate the dangling bonds 

of CNTs at the edges and stabilize them [63]. As a catalyst, transition metals such as 

nickel, iron, and cobalt are used for CNT growth on a substrate. Methods used for 

the deposition of metal catalyst onto substrates involve either solution-based or 

vacuum based deposition routes [64]. Solution-based methods are cost-effective yet 

more complicated since the thickness of the metal thin film cannot be monitored 

simultaneously. In contrast to this, vacuum based deposition techniques are more 

controllable. On the other hand, if the surface energy of the substrate is high, catalyst 

diffusion towards inner sections of the substrate can be seen. In order to overcome 

this problem, diffusion barrier layers having low surface energies can be coated 

between the substrate and catalyst [62]. At elevated temperatures, catalyst diffusion 

in aluminum substrates can also be valid; but, at the same time aluminum has its 

natural oxide on its surface. This oxide layer protects aluminum substrate from 

catalyst diffusion [65]. 



 

 

38 

Up to now CNT-PANI composite materials has been utilized in electrodes 

for both microbial fuel cells and supercapacitors [66,67]. Very recently De et al. [68] 

investigated combinatorial approach for the production of a hybrid structure 

composed of Pt nanoparticles decorated CNT-PANI composites (CNT-PANI/Pt) for 

the energy efficient fuel cells. It has been observed that the CNT-PANI/Pt 

composites are very strong against rapid poisoning and triggers the electron 

movement during the electrochemical reaction. Variety of materials were used as 

substrates for the formation of CNT/PANI nanocomposites. Hui et al. [69] produced 

PANI nanowire arrays aligned on CNT networks synthesized on the surface of glassy 

carbon electrodes for sensor applications. Zhang et al. [70] prepared PANI/CNT 

array composite electrode on a tantalum foil. Faraji [71] produced PANI/CNT 

nanocomposite on titanium oxide (TiO2) nanotubes/Ti electrodes. Zhang et al. [72] 

fabricated multi-walled CNT/PANI composite films on a stainless-steel sheet. 

Besides these substrates, aluminum can be also used for the fabrication of 

CNT/PANI nanocomposites, because of its abundance and relatively low cost 

compared to the substrates mentioned above. The use of aluminum foils and CNTs 

for energy storage devices with organic electrolytes are quite common in the 

literature [58,60,61]. However, it is known that aqueous electrolytes are cost 

effective and can be simply prepared. On the contrary, organic electrolytes usually 

need complex purification processes and should be processed under a protective 

atmosphere to avoid oxidation. In addition, utilizing neutral aqueous electrolytes in 

supercapacitors presents an environmentally friendly way to improve the energy 

density [34]. In this study [73], VACNT/PANI nanocomposite supercapacitor 

electrodes were prepared and electrochemically tested using Na2SO4 electrolyte. 

VACNTs were synthesized on aluminum foils and PANI was coated on top of the 

VACNT layer. Since VACNTs and PANI have different charge storage mechanisms 

as EDLC and pseudocapacitive type respectively, their nanocomposite form 

becomes highly promising to investigate their synergistic effect in terms of 

electrochemical response. 
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2.2 Experimental 

Pure aluminum foils were purchased from Alfa Aesar (thickness: 0.025 mm, 

99.45% metal basis). First, foils were cleaned with acetone (99.8%), isopropanol 

(99.8%) and deionized water (18.3 MΩ) by simply immersing them into these 

solvents for 10 minutes each. Second, they were dried in a furnace at 80 °C. After 

the cleaning procedure, catalyst deposition was carried out on top of the foils using 

a physical vapor deposition (PVD) system. 

Since aluminum can be oxidized easily and this oxide layer prevents the 

catalyst diffusion towards the substrate, firstly a 13.3 nm thick layer of aluminum 

was coated by PVD on the cleaned aluminum foils. These foils were kept under open 

atmosphere overnight to obtain fresh oxide layer. Following this, a 1.7 nm thick layer 

of Fe catalyst layer was deposited via PVD on top of the aluminum oxide layer. 

Finally, the foil was annealed in a furnace in open atmosphere at 500°C for 1 hour 

to oxidize the Fe catalyst. 

Following the coating of catalyst, small pieces of the foils with an area of 2 

cm2 were loaded into the CVD system for CNT growth. For this purpose, Aixtron-

Nanoinstruments Black Magic II PECVD system was utilized. Growth parameters 

such as pressure, gas flow rates, and temperature can be controlled easily within the 

system, which is very important for the reproducibility of the CNT synthesis. 

CNT growth began with the evacuation of the chamber down to a base 

pressure of 0.1 mbar. After that the pressure was increased to 8 mbar and remained 

constant throughout the whole process. 200 sccm H2 was sent to the chamber and 

then the stage temperature reached to 600 °C at a rate of 200 °C/min. At this point 

foils were annealed for 2 min. After the annealing procedure, carbon source gas, 

acetylene (C2H2), was sent into the chamber at a flow rate of 20 sccm and thus the 

CNT formation started. In this part of the process, temperature was increased to 620 

°C with a rate of 25 °C/min. The synthesis proceeded for 5 minutes and then, H2 and 

C2H2 flows were terminated and the chamber was cooled to RT using N2 gas (1,000 
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sccm). Finally, the samples were taken out of the growth chamber following venting. 

All steps of CNT growth is summarized in Figure 2.1. 

 

Figure 2.1. Steps of CNT growth. 

PANI was electrodeposited onto VACNT grown aluminum foils via cyclic 

voltammetry at RT. The potential range was 0 - 0.9 V and the scan rate was 50 mV/s 

during the electrodeposition. Three different numbers of charge-discharge cycles 

were applied as 5 (5c), 10 (10c) and 15 (15c) cycles. Following the electrodeposition 

process, the samples were dried. The electrolyte used for the deposition of the 

samples consisted of 46.5 µl aniline monomer (Sigma-Aldrich, ≥99.5%) and 0.25 M 

H2SO4 (Sigma-Aldrich, 95-97%). A fresh electrolyte solution was prepared for each 

electrodeposition cycle. Both in the electrodeposition procedure and in the 

electrochemical tests the counter and the reference electrodes were Pt plate and 

silver/silver chloride (Ag/AgCl), respectively. 

The morphological analysis of the prepared nanocomposite electrodes was 

conducted by scanning electron microscopy (SEM, FEI Nova Nano SEM 430, used 

at 10 kV). SEM samples did not necessitate deposition of an extra conductive layer. 

Dispersive Raman spectroscopy examination was conducted using Renishaw inVia 

system (excitation wavelength: 532 nm) with the purpose of structural 

characterization of the VACNTs. X-ray photoelectron spectroscopy (XPS) 

examination was conducted to diagnose the chemical state of the constituent 

elements. A PHI 5000 VersaProbe system was utilized for XPS analysis. The C (1s) 
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peak at 283 eV was used for the charge correction reference. A Perkin Elmer 400 

system was utilized for Fourier transform infrared spectroscopy (FTIR) test. ATR 

mode was used during the FTIR measurements. For the electrochemical tests of the 

supercapacitor electrodes a three-electrode configuration was set and a Gamry 

Reference 3000 model potentiostat/galvanostat was employed. 1 M Na2SO4 was 

chosen as the electrolyte for the electrochemical tests. Electrochemical 

characterization of the electrodes was conducted through CV, GCD, and 

potentiostatic EIS. 

2.3 Results and Discussion 

The coating of PANI on top of the VACNT layer was practiced in a potential 

window of 0 and 0.9 V at a scan rate of 50 mV/s. A typical CV plot for the 

electrodeposition of 15c sample is provided in Figure 2.2. Humps within the CV 

curves resemble the polymeric oxidation reactions and dips resemble the reduction 

reactions of the aniline monomer. Moreover, the expanding curves of the 

voltammogram stands for the increasing thickness of the PANI layer with increasing 

number of cycles. 

 

Figure 2.2. Cyclic voltammogram of the 15c electrodeposited sample. 
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Top-view and cross-sectional SEM images of the VACNTs formed on 

aluminum foils are shown in Figure 2.3 (a) and (b), respectively. As seen in the cross- 

sectional image, length of the VACNTs is 5 µm and there is a significant uniformity 

in terms of vertically alignment. Surface morphologies of the fabricated 

VACNT/PANI nanocomposite electrodes were also examined by SEM. Top-view 

SEM image of PANI deposited electrode and cross-sectional SEM images of 5, 10 

and 15c PANI deposited electrodes are provided in Figure 2.4 (a) - (d), respectively. 

One can see from Figure 2.4 (a) that the fabricated VACNT/PANI sample has a non-

uniform structure with voids. It is considered these voids enable ions of the 

electrolytes to reach the underlying VACNT layer easily and allow VACNTs to 

contribute the charge storage. Cross-sectional images in Figure 2.4 (b) - (d) reveal 

that the thickness of the PANI layer increases from approximately 1.5 to 3 μm with 

the increasing number of PANI electrodeposition cycles. Although the thickness 

increase is obvious in the SEM images, the average thickness of the PANI layers on 

the surfaces of the electrodes change. This variation in thickness was attributed to 

the non-uniform coating of PANI on the samples, as seen in Figure 2.4 (a). 

 

Figure 2.3. (a) Top-view and (b) cross-sectional SEM images of the VACNTs 

grown on aluminum foil. 
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Figure 2.4. (a) Top-view SEM image of PANI deposited VACNT/PANI 

nanocomposite electrode and cross-sectional SEM images of (b) 5c, (c) 10c, and 

(d) 15c PANI deposited VACNT/PANI nanocomposite electrodes. 

XPS measurements were conducted for elemental characterization and 

determination of the oxidation level of the catalyst layer on aluminum foils after 

annealing process. XPS survey spectrum is provided in Figure 2.5. Inset shows the 

spectrum for Fe. From the survey spectra, signals from Al, O and Fe were evident 

for catalyst deposited aluminum foils. It is clear that the annealing process did not 

contaminate the aluminum foil. Two peaks located at 711.2 and 724.7 eV are 

recognized in the Fe spectrum. These two peaks belong to iron(III) oxide (Fe2O3) 

compound [74] and the presence of these peaks clarify that the Fe layer transforms 
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into Fe2O3, upon annealing the Fe coated aluminum foil. This will be reduced back 

to Fe during heating under H2 prior to CNT growth in CVD. 

 

Figure 2.5. XPS survey spectra of the annealed Fe deposited aluminum foil. Inset 

shows the Fe spectrum. 

VACNT/PANI nanocomposite electrodes were also characterized by FTIR 

to determine the chemical structure of the coatings. Figure 2.6 represents the FTIR 

spectra of the nanocomposite electrodes in the range of 500 – 2,000 cm-1. The peaks 

in the spectrum found at 1542 cm-1 (C=C quinoid ring stretching vibration), 1498 

cm-1 (C=C benzenoid ring stretching vibration), 1311 cm-1 (C-N stretching  

vibration), 1155 cm-1 (C-H plane bending vibration), 748 cm-1 (out of plane bending 

vibration), 876 cm-1 (para-distributed aromatic rings) and 1210 cm-1 (emeraldine 

form) are the characteristic peaks of the PANI [75]. The presence of these peaks is 

the proof of the success of the PANI deposition on the VACNT layer. 
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Figure 2.6. FTIR spectra of the VACNT/PANI nanocomposite electrode. 

In order to determine the interaction between the PANI and VACNT layers, 

dispersive Raman analysis was carried out on both the VACNT/PANI 

nanocomposite and the pristine VACNT electrode, results of which are provided in 

Figure 2.7. Peaks positions seem to be similar for both samples apart from the newly 

appearing peaks for PANI. VACNT/PANI spectrum has peaks that belong to D band 

(1372 cm-1) and G band (1602 cm-1). While D band represents the amorphous 

disorder carbon structures, G band represents stretching vibration of C-C bond. 

Peaks observed at wavenumbers of 1190 cm-1 and 1512 cm-1 stand for C-H bending 

vibration of the benzenoid structure and C=N stretching vibration of the quinoid 

structure, respectively. Peak at 1351 cm-1 belongs to stretching vibration of C-N*+ 

delocalized polaronic structure and it is a property of protonated imine structure of 

PANI. Peak at 1617 cm-1 is ascribed to C-C stretching vibration of benzenoid 

structure [75]. 



 

 

46 

 

Figure 2.7. Raman spectra of the VACNT/PANI nanocomposite electrode in 

comparison to pristine VACNTs. 

CV measurements of both pristine VACNT grown aluminum foil electrodes 

and VACNT/PANI nanocomposite electrodes were carried out in a potential window 

of 0 and 0.8 V. CV results of pristine VACNT coated aluminum foil electrode and 

5c, 10c and 15c PANI coated nanocomposite electrodes at a scan rate of 100 mV/s 

are shown in Figure 2.8 (a). At first sight, the different shapes of the curves are 

noticed in Figure 2.8 (a). While the pristine VACNT electrode has a smooth curve, 

VACNT/PANI electrodes have curves with characteristic peaks. These peaks belong 

to oxidation and reduction reactions of PANI having a pseudocapacitive behavior. 

Thus, it is evident that fabricated nanocomposite electrodes show both EDLC and 

pseudocapacitive behavior, which would improve the overall performance of the 

electrodes. This improvement can also be recognized through the examination of the 

areas under pristine VACNT and 5c and 10c nanocomposite curves. The actual and 

notable capacitance improvement is observed for 15c nanocomposite electrode. The 

area under the CV curve of 15c electrode is notably larger than that of not only the 

pristine VACNT electrode; but also, 5c and 10c nanocomposite electrodes. The 

curve of 15c electrode covers approximately 6 times larger area than the other 
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nanocomposite electrodes. Further electrochemical characterization of 15c 

nanocomposite electrode can be seen in Figure 2.8 (b) at different scan rates. As 

expected, upon increasing the scan rate from 20 to 400 mV/s, the area under the 

rectangular-like curve increases as well and redox peaks start to be flatter on the 

curve. Further examination of Figure 2.8 (b) reveals the resistance effects are not 

pronounced for the 15c nanocomposite electrode, which would otherwise change the 

shape of the CV curve from horizontal to diagonal. 

 

Figure 2.8. CV results of (a) pristine VACNT deposited aluminum foil electrode 

and 5c, 10c and 15c PANI deposited VACNT/PANI nanocomposite electrodes at a 

scan rate of 100 mV/s and (b) 15c PANI deposited VACNT/PANI nanocomposite 

electrode at different scan rates. 

GCD characteristics of the fabricated electrodes were also measured within a 

potential window of 0 - 0.8 V and at a current density of 0.25 mA/cm2. Figure 2.9 

(a) shows the obtained GCD curves of pristine VACNT and VACNT/PANI 

nanocomposite electrodes. At first sight the difference between the areas under the 

triangles are realized. In parallel with CV tests 5c and 10c electrodes exhibit higher 

performance than pristine VACNT electrodes but their individual performances are 

not quite different each other. However, 15c nanocomposite electrode has 

significantly higher capacitance rather than both 5c and 10c electrodes since its GCD 

curve covers larger area which means it stores more charge. This situation is 

attributed to the more effective PANI coating on 15c electrode in comparison with 

other nanocomposite electrodes. Quasi-symmetric properties with quite low internal 
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resistance drop were obtained from these samples. In order to further investigate the 

electrochemical characteristics of 15c PANI coated VACNT/PANI nanocomposite 

electrode GCD tests were taken at different current densities. Obtained GCD results 

are provided in Figure 2.9 (b). GCD characteristics were determined depending on 

the applied current density. Charge-discharge times were found to increase with 

decreasing current density. The typical triangle curve shapes were evident; however, 

with excessive asymmetry. The discharging times were shorter than the charging 

times indicating low Coulombic efficiencies for the fabricated electrodes. This 

behavior can be attributed to the special surface structure of the fabricated 

nanocomposite electrodes. As shown in Figure 2.4 (a), the fabricated nanocomposite 

electrodes have a complex surface structure. There are many holes on the surface. It 

is claimed that some electrolyte ions enter through the holes and reach the VACNT 

layer in the charging procedure. During the charging procedure ions propagate within 

the VACNT layer under the PANI layer. But in the discharging procedure ions far 

away from the holes cannot leave easily the electrode and thus the discharging 

procedure terminates early. Chu et al. [76] observed a similar behavior in 

PEDOT/graphene/carbon cloth composite electrode. The capacitance of the 

electrode gradually diminished with longer electrodeposition times. According to 

Chu et al. [76], different time-dependent deposition properties of PEDOT on the 

graphene/carbon cloth substrates could be arisen from the different growth 

mechanisms and morphological evolution of PEDOT on the substrates. As a result, 

the PEDOT on the graphene/carbon cloth formed a dense structure after long 

electrodeposition times and electrolyte ions could not access easily to the 

graphene/carbon cloth layer under the PEDOT layer. 
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Figure 2.9. GCD curves of (a) pristine VACNT deposited aluminum foil electrode 

and 5c, 10c and 15c PANI deposited VACNT/PANI nanocomposite electrodes at a 

current density of 0.25 mA/cm2 and (b) 15c PANI deposited VACNT/PANI 

nanocomposite electrode tested at different current densities. 

The specific capacitance (Csp) values of the fabricated nanocomposite 

electrodes were determined using the formula: 

𝐶𝑠𝑝 =
𝐼

𝐴 (
𝑑𝑉
𝑑𝑡

)
     (2.1) 

,where I is the discharge current, A is the electrode surface area, V is the discharge 

voltage and t is the discharge time. Discharge times were determined on the basis of 

Figure 2.9 (a) and capacitance values were calculated as 3.63, 3.46 and 16.17 mF/cm2 

for 5c, 10c and 15c PANI deposited VACNT/PANI nanocomposite electrodes, 

respectively. While 5c and 10c PANI deposited VACNT/PANI nanocomposite 

electrodes had similar capacitance values, 15c electrode had a 4 times higher 

capacitance. This difference is attributed to the effective deposition of PANI on top 

of the VACNT layer. Until 5 and 10 cycles of electrodeposition, the thickness of the 

PANI layer is not at the level where it could make a significant difference. In 

addition, electrodeposition cycles more than 15 were also examined within this 

study. After 15 cycles, the PANI coated VACNT layer started to leave the aluminum 

foil during the electrochemical tests. In the light of these observations and 
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experimental results, 15c PANI coated VACNT/PANI nanocomposite was 

considered as the most promising electrode. 

In order to monitor the cyclic stability of the 5c, 10c and 15c PANI deposited 

VACNT/PANI nanocomposite electrodes, they were subjected to 3,000 GCD cycles. 

These tests were carried out under an applied current density of 2.5 mA/cm2. Cycling 

performance of the fabricated electrodes is given in Figure 2.10. According to the 

obtained results, Csp of 5c, 10c and 15c PANI deposited VACNT/PANI 

nanocomposite electrodes degrade to 73, 62 and 52% of their initial capacitance 

values, respectively. In contrast to CV and GCD results, 15c electrode exhibit lower 

performance with respect to 5c and 10c PANI deposited VACNT/PANI 

nanocomposite electrodes in terms of cycling. This case is ascribed to the high 

amount of PANI layer on 15c PANI deposited VACNT/PANI nanocomposite 

electrode. The PANI layer on 15c electrode deteriorates faster than the other 

nanocomposite electrodes and thus the capacitance diminished very rapidly. Another 

approach was proposed by Wang et al. [45], where graphene film was used to obtain 

good adhesion between the current collector and the active materials. Following 500 

cycles, 63% of the initial specific capacitance of nickel(II) hydroxide 

(Ni(OH)2)/graphene/nickel foam composites was maintained. On the contrary 

Ni(OH)2/nickel foam composite showed an 84.5% decrease in the specific 

capacitance under the same test conditions. These results obviously showed that the 

presence of graphene film is useful for the improvement of the cycling stability of 

the electrodes. It was claimed that the good adhesion between graphene and Ni(OH)2 

is possibly arisen from the oxygen-containing functional groups found on the 

graphene surface. In the light of these explanations, for the current study, one can 

say that the content of the VACNT in the nanocomposite decreased with the 

increasing number of electrodeposition cycles of PANI and therefore the adhesion 

between the VACNT and PANI might be weakened simultaneously. 
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Figure 2.10. Capacitance retention of fabricated nanocomposite electrodes. 

EIS is used for the further electrochemical characterization of fabricated 

electrodes. EIS tests were conducted with an AC perturbation of 5 mV and in a 

frequency range of 100 kHz to 10 mHz. Nyquist plot obtained from EIS 

measurements of both the nanocomposite and VACNT electrodes is provided in 

Figure 2.11. Supercapacitor electrodes behave like a resistance and like a capacitor 

in the high and low frequency region, respectively. The straight line in the low 

frequency region is a result of the pseudocapacitive character of the electrodes. The 

semicircle within the high frequency region shows the interfacial interactions 

between the electrolyte and the electrode. These interactions include the double-layer 

capacitance and charge transfer resistance. As shown in the inset of Figure 2.11, 

while the pristine VACNT electrode has the smallest semicircle, the semicircles of 

the nanocomposite electrodes are very wide and almost indistinct. This means that 

VACNT electrode has the lowest charge transfer resistance. 15c PANI deposited 

VACNT/PANI nanocomposite electrode has the low series resistance compared to 

other nanocomposite electrodes and the VACNT electrode. In this case one can say 

that the resistance of the nanocomposite electrodes decreases with increasing number 

of PANI coating cycles. 
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Figure 2.11. Nyquist plot for the fabricated nanocomposite electrodes. Inset shows 

the high frequency region. 

2.4 Conclusions 

In this study, a practical and cost-effective method to produce PANI/VACNT 

nanocomposite supercapacitor electrodes were developed. The properties of 

VACNTs and PANI to fabricate nanocomposite electrodes were combined. PANI 

layers were electrodeposited onto VACNTs grown on aluminum foils. Among the 

fabricated electrodes, nanocomposite with the largest PANI layer (15c) showed 

significant performance during CV, GCD and EIS tests. The specific capacitance of 

15c electrode was calculated as 16.17 mF/cm2 at a current density of 0.25 mA/cm2. 

On the other hand, the cyclic performance of this electrode was determined to be 

lowest, probably because of the degradation of the PANI in open atmosphere. In 

addition, the increased number of PANI coating cycles decreased the VACNT 

amount of the nanocomposites and led to the reduction in the adhesion between the 

layers of the nanocomposites. In short 15c VACNT/PANI nanocomposite 

supercapacitor electrode is a promising energy storage device for supercapacitor 

applications with its notable properties. Cyclic performance of the fabricated 
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electrodes can be improved by properly sealing the devices under protective 

atmospheres. 





 

 

55 

CHAPTER 3  

3 PAPER BASED, EXPANDED GRAPHITE/POLYPYRROLE NANOCOMPOSITE 

SUPERCAPACITORS FREE FROM BINDERS AND CURRENT COLLECTORS 

3.1 Introduction 

Multifunctional electronic devices or smart electronics gained extreme 

popularity in recent years mostly because of excessive consumer demand. Wearable, 

flexible, and paper-based electronics are the most prominent ones and soon their 

prototypes will leave the stage to real products in the market. Multifunctional 

electronics necessitate all their components to be compatible with each other as well 

as with the substrate [77–79]. Use of paper, a part of everyday life, as the substrate 

for a flexible electronic device is quite attractive thanks to its low cost, high 

flexibility and environmentally friendly structure [80]. For paper electronics, one of 

the most important components is the power unit. Right now, cable connected 

external power supplies, incompatible watch batteries, and wireless energy transfer 

are used to power up paper electronics [81–83]. For the realization of truly paper-

based electronics, it is an important practice to fabricate a compatible power unit 

directly on paper [77,84–86]. Supercapacitors are alternative power sources and 

complementing batteries particularly in high power demanding applications. 

Therefore, fabrication of supercapacitors on paper is strategically important and 

highly promising for the realization of truly paper-based electronics. Schematic 

illustrations of paper-based supercapacitors with a common sandwiched architecture 

and an alternative in-plane architecture are shown in Figure 3.1. 
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Figure 3.1. Schematic illustrations of paper-based supercapacitors with sandwiched 

and in-plane architectures [80]. 

Supercapacitors are currently utilized in many systems ranging from electric 

vehicles to mobile electronics thanks to their high-power density and rapid charge-

discharge characteristics. Supercapacitors can be fabricated with a broad variety of 

form factors from traditional device structure to flexible [87,88], bendable [89], or 

stretchable structures [90,91]. These new form factors allow the realization of truly 

flexible electronics. In literature, most of the investigated supercapacitor electrodes 

were fabricated using slurry coating methods. These electrodes contain insulating 

binders that increase the overall series resistance, which results in low 

electrochemical performance of the supercapacitor. In addition, to decrease the 

resistivity of the fabricated electrodes, conductive additives are added to the prepared 

slurry, which increases the mass of fabricated electrodes with no capacitive 

contribution. Moreover, metallic current collectors are also used in current 

commercial supercapacitor devices to improve the charge collection. Thus, 
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fabrication of supercapacitor electrodes that are free from binders, conductive 

additives and heavy metallic current collectors has utmost importance to enhance the 

electrochemical energy storage performance of novel systems [92,93]. 

Carbonaceous materials are extensively utilized in electrochemical energy 

storage systems [94]. Two-dimensional carbonaceous materials such as graphene 

and graphitic structures possess high conductivity and specific surface area, which 

were already reported as advantageous for energy storage devices [94,95]. Graphene 

on paper has already been demonstrated also as supercapacitor electrodes [96]. The 

specific capacitances of the carbonaceous materials are relatively less compared to 

pseudocapacitive materials. On the other hand, cycle life of carbon-based materials 

is much longer than the pseudocapacitive counterparts [93]. Long service life in 

conjunction with high durability against capacitance loss are crucial properties for 

the supercapacitor devices. Development of novel electrode active materials with 

improved charge accumulation and transfer through the formation of 

nanocomposites [97] and hierarchical structures [98,99] are highly critical for the 

enhancement of the electrochemical performance of the supercapacitors [4,22,23]. 

During the in-situ polymerization of conducting polymers on 2D carbon materials, 

interactions such as hydrogen and π- π stacking bonding between polymer and 

graphitic layers affect the polymer’s structure and morphology. These interactions 

enhance the stability of conducting polymers and cycle life of the fabricated 

nanocomposites [100,101]. Active surfaces of graphitic 2D materials allow the 

electrodeposition of pseudocapacitive materials [97]. Multi-layered graphene or 

expanded graphite (EG) is derived from the deoxygenation of the graphite oxide via 

different routes [102]. Among these, the microwave-assisted route is highly 

promising for the mass production and thus the utilization of EG material in many 

fields. 

Metal oxides and CPs are two main pseudocapacitor type material groups, 

and they store charges on the surface of electrode material via fast and reversible 

redox reactions. Among pseudocapacitors, CPs are important materials; because they 

have intrinsically electronic conductivity changing with their level of doping. In 
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addition to this, their low cost and easy processability make them promising 

materials for electrochemical energy storage devices [84,103,104]. For 

supercapacitor studies, most frequently utilized CPs are PEDOT, PANI, PPy, and 

their derivatives. CPs commonly suffer from changes in volume during ion 

intercalation and deintercalation, causing mechanical deformation [84,104]. PPy, 

differs from other CPs with its distinctive mechanical properties, biocompatibility, 

high conductivity and rapid redox activity [99,103]. These features result in the 

utilization of PPy for various electronic systems such as supercapacitors, batteries, 

and fuel cells [105], photoelectrochromics, sensors [106], corrosion protection [107], 

and solar cells [108]. The prominent disadvantage of PPy, similar to other CPs, is 

the limited cycle life and the main reason for this drawback is the instabilities within 

the polymer backbone. To improve the electrochemical properties and structural 

stability of the polymer, nanocomposite formation with PPy is the most commonly 

practiced method for its utilization in supercapacitors. Multi-walled carbon 

nanotubes [109–111], single-walled carbon nanotube [112], carbon fibers [113], 

activated carbon [114], carbon foam [115], molybdenum sulfide [104], silver [115], 

titanium carbide [116], reduced graphene oxide [117], and graphene [118] were used 

to fabricate PPy nanocomposites and these nanocomposites resulted in both the 

improvement of the structural stability of polymer and the enhancement of 

electrochemical properties of PPy nanocomposites. 

Paper-based supercapacitor electrodes are formed by combining 

electrochemically active materials with cellulose fibers in composite form. These 

composites consist of repeating cellobiose structures with high aspect ratio. They 

contain strong inter- and intra-molecular hydrogen bonds resulting in fibers with 

hydroxyl-functionalized surfaces [80]. These characteristics make cellulose fibers 

very efficient structural components and they are typically combined with popular 

active materials such as graphene [96], CNTs [119], PANI [120], and PPy [121]. 

Moreover, cellulose fiber networks form pathways in a paper substrate and improve 

the ion transport [122]. 
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In this study [123], paper-based EG/PPy nanocomposite electrodes were 

fabricated via simple brush-painting of highly conductive EG sheets onto paper 

followed by the electrodeposition of PPy. This hierarchical structure of EG/PPy was 

then used as supercapacitor electrodes without the requirement for heavy current 

collectors, conductive additives and binders. Electrochemical behaviors of the 

prepared paper-based nanocomposite electrodes were examined both in three-

electrode cell and also in a symmetric supercapacitor device. 

3.2 Experimental 

Sample preparation: Natural graphite, pyrrole monomer (%98), polyvinyl 

alcohol (PVA, Mowiol 10–98), potassium chloride (KCl, ≥99%), concentrated nitric 

acid (HNO3), H2SO4, and all other reagents had analytical grade and obtained from 

Sigma-Aldrich. A4 type matte, glossy, greaseproof and conventional printing papers 

were purchased from the local office store. All of the chemicals and reagents were 

used as received without purification. 

Natural graphite flakes were kept in a concentrated acid solution (3:1, H2SO4: 

HNO3) for five days. After that they were filtered, rinsed with plenty of water until 

the pH was 7. Then the acid exposed graphite flakes were dried in a vacuum furnace 

for 24 hours at 80°C. After that dried graphite oxide flakes were put in a commercial 

microwave oven and irradiated at 800 W for 10 s. The microwave irradiation caused 

the rapid expansion of graphite layers and led to the formation of EG flakes [124–

126]. Prepared EG flakes were placed in a tip sonicator and dispersed in 

dimethylformamide (DMF). After that they simply brush-painted onto paper pieces 

(10×10 cm). The sheet resistances of the EG deposited paper substrates were 

determined with the EG loading. Prior to further utilization, the EG paper electrodes 

were cut into small pieces with dimensions of 2 cm × 2.5 cm. 

PPy was potentiostatically deposited onto the EG paper electrodes. Each 

time, a fresh 0.1 M Py monomer was mixed with 1 M KCl as the electrolyte solution, 
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and this mixture was used for the conformal deposition of PPy onto EG paper 

working electrodes. EG paper working electrode was immobilized onto a glass 

substrate using Kapton tape, and the active electrode size was set to 1.5 cm × 2.0 cm 

for electrodeposition. The counter and reference electrodes were platinum foil and 

Ag/AgCl (saturated KCl), respectively. Coating of PPy was carried out with a 

constant potential of 0.9 V and it is applied for 200, 400, 600 and 800s. Prepared 

electrodes were washed with DI water, dried under nitrogen flow and kept in an oven 

at 80°C overnight. 

Characterization: The morphology of the produced electrodes was examined 

using SEM (FEI Nova Nano FEG-SEM 430, used at 10 kV). XRD analysis was 

conducted on a Rigaku D/Max-2000 diffractometer using Bragg-Brentanno 

geometry with Cu Kα radiation at 40 kV. Raman spectroscopy was conducted on a 

Renishaw inVia Raman microscope (wavelength: 532 nm). FTIR tests were 

conducted by an Agilent 600 Series FTIR spectrometer in ATR mode. XPS 

measurements were conducted for the analysis of the chemical state and 

determination of the constituent elements. All XPS spectra were shifted +1.5 eV due 

to over-charge compensation with respect to C1s spectrum. For electrochemical 

tests, Gamry Reference 3000 potentiostat/galvanostat system was employed both in 

three and two-electrode cells. For two-electrode measurements, PVA/H2SO4 

polymer electrolyte was employed without a separator and the electrolyte was 

prepared by using 2 g of concentrated H2SO4 and 2 g PVA in 20 ml of deionized 

water at 95°C with constant mixing until a clear solution was observed. For three-

electrode measurements, 1 M H2SO4 electrolyte solution was used and all potentials 

were monitored with respect to Ag/AgCl (saturated KCl) reference electrode. A 

Sartorius Research R200D microbalance was employed to determine the weight of 

electrodes. Masses of electrode active materials were calculated from the mass 

difference between bare paper substrates, EG electrodes and EG/PPy coated 

electrodes. 

The Csp of the produced electrodes in three-electrode configuration was 

determined from GCD curves using the formula: 
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𝐶𝑠𝑝 =
𝐼

𝑚
𝛥𝑉
𝛥𝑡

     (3.1) 

,where I (A) is the applied discharge current, Δt (s) is the total time of discharge, m 

(g) is the mass of electrode active materials, and ΔV (V) is the discharge potential 

window after IR drop.   

3.3 Results and Discussion 

Microwave-assisted exfoliation of graphite resulted in the production of high-

quality EG (or multi-layered graphene sheets) and these sheets were highly 

promising for paper-based electronics due to their high conductivity and natural 

flexibility. EG were dispersed via probe-sonication to form a homogeneous slurry in 

DMF and then simply brush-painted onto matte paper. In this work, matte paper is 

referred as just paper. Fabrication process of the EG coated conductive papers and 

EG/PPy nanocomposite electrodes are schematically demonstrated in Figure 3.2 (a). 

After each brush painting cycle, papers were dried on a hotplate at 120°C and 

unattached tiny EG layers were then removed using a dry brush. This coating cycle 

was repeated until the desired sheet resistance values were obtained. The necessary 

parameters for the fabrication of conductive EG coated paper electrodes were the EG 

ink solution concentration and the drying temperature of the electrodes; both of 

which were tuned for the reproducible fabrication of the electrodes. Following the 

fabrication of EG paper electrodes, pyrrole monomer was electrochemically 

polymerized to PPy at different deposition times. KCl electrolyte was used as the 

supporting electrolyte to keep the ionic conductivity constant during the PPy 

deposition. PPy deposition was practiced for 200, 400, 600 and 800 seconds. 
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Figure 3.2. (a) Schematic illustration of EG/PPy nanocomposite fabrication and (b) 

sheet resistance change with respect to EG loading on paper substrate. 

In Figure 3.2 (b), the effect of EG areal density on the sheet resistance of the 

fabricated EG paper electrodes is demonstrated. As shown in the figure, sheet 

resistance decreased sharply with the first few depositions (approximately 0.7 

mg/cm2) because EG sheets on the paper start to form conducting pathways between 

graphene flakes. Sheet resistance change was very limited following the obtainment 

of an areal EG density of 1.0 mg/cm2 (corresponding to 30 Ω/sqr.). The highest EG 

loading for fabricated EG electrodes was 1.9 mg/cm2 (corresponding to 15 Ω/sqr.). 

For the PPy deposition, an EG density of 1 mg/cm2 was chosen as the standard value 

since this density provided a reasonable conductivity value and the film was very 

durable during both the PPy deposition and electrochemical measurements in 

electrolytic media. The electrodes investigated here are inexpensive and disposable, 

and can be easily fabricated over large areas. 

SEM was employed to investigate the surface morphologies of the fabricated 

EG and EG/PPy nanocomposite electrodes. SEM images of microwave EG sheets, 

EG coated paper, and EG/PPy nanocomposite electrodes are shown in Figure 3.3 (a), 
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(b), and (c) respectively. Oxidized graphite flakes were expanded and reduced to thin 

graphite layers during microwave irradiation where instant heating of graphite oxide 

flakes created local heating spots and sparks formed. Instant increase in temperature 

resulted in the volume expansion and formation of worm-like reduced graphite 

structures with expanded layers. High magnification SEM images of EG/PPy 

samples on paper showed the formation of polymer nanoparticles on the EG 

electrode. It is obvious from SEM analysis that the globular PPy particles were 

homogeneously deposited onto EG sheets. Direct deposition of the PPy onto the EG 

resulted in the improved charge transfer, enhanced electrochemical properties and 

mechanical integrity. 

In-situ electrochemical polymerization of pyrrole monomer occurred on the 

surface of EG electrodes and a hierarchical formation of the EG/PPy nanocomposites 

was produced as illustrated schematically in Figure 3.2 (a). Fabricated EG electrodes 

were used as conductive substrates for PPy electrodeposition without any conductive 

additive or external contact points. PPy was homogeneously deposited onto EG 

coated paper substrates as shown in the inset of Figure 3.3 (d). Continuous and 

conformal coating of a PPy layer on graphene papers was a time and concentration-

dependent process. In this work, Py monomer concentration was kept constant 

during the PPy electrodeposition. 

In order to examine the effect of paper type on EG coating; apart from the 

matte paper, EG was also coated on conventional printing paper, glossy paper, and 

greaseproof paper. Conventional printing paper was too soft for brush painting and 

was not durable in electrolyte solutions during electrochemical measurements. In 

Figure 3.4 (a) and (b), SEM images of EG coating on glossy paper and greaseproof 

paper are shown, respectively. As seen in these images and the SEM image of EG 

coating on matte paper shown in Figure 3.3 (b), there are no morphological 

differences in the particles. EG flakes are quite visible on all three types of papers. 

However, problems related to the absorption of EG/DMF slurry in glossy and 

greaseproof papers were encountered during brush painting. Thus homogeneities of 

the coatings on these papers were low. On the other hand, the matte paper was 
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observed to be quite stable in aqueous media, because the matte paper surface is 

textured and less lustered. Thus, matte paper with improved mechanical properties 

was utilized for the further experiments in this study. 

 

Figure 3.3. SEM images of (a) EG layers, (b) EG deposited paper electrodes, and 

(c) 800 sec. PPy electrodeposited on EG paper electrode. The inset shows low 

magnification SEM image. (d) Photographs of blank paper and EG deposited paper 

electrodes. The inset shows the bare EG and PPy electrodeposited EG electrodes. 
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Figure 3.4. SEM images of EG coatings on (a) glossy paper and (b) greaseproof 

paper.  

The crystal structure of the bare EG and EG/PPy nanocomposite electrodes 

were examined by XRD. XRD patterns of the EG and EG/PPy nanocomposites on 

paper substrates are shown in Figure 3.5 (a). EG showed diffraction peaks at 26.6° 

and 54.7°, which correspond to (002) and (004) crystal planes of graphitic carbon 

(JCPDS card no. 75-1621), respectively. XRD pattern for EG/PPy nanocomposites 

had peaks associated with EG corresponding to the graphitic carbon and a broad 

region due to the amorphous nature of PPy. 

Chemical structure of the fabricated electrodes was investigated through 

Raman analysis. The results of Raman analysis of the bare EG sheets and produced 

EG/PPy nanocomposites on paper substrates in the spectral range of 500–3500 cm−1 

are shown in Figure 3.5 (b). The observed peaks in the Raman spectrum of EG 

deposited paper were due to the graphitic carbon. EG/PPy nanocomposite electrodes 

had broad Raman signals. The Py ring stretching showed bands at 1365 cm−1 and the 

peak at 1603 cm−1 was attributed to stretching of the C=C bonds. To further 

characterize the chemical structure of the bare EG and EG/PPy nanocomposite 

electrodes, FTIR analysis was performed, results of which are provided in Figure 3.5 

(c). For EG, any significant signal could not be observed in the FTIR spectrum. On 

the other hand, the characteristic PPy peaks were determined for EG/PPy 

nanocomposites. The band at 3450 cm−1 was because of the OH stretching and the 

bands at 1550 and 1477 cm−1 were related to the pyrrole ring and C-N stretching, 
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respectively. The bands located at 1383 and 924 cm−1 were assigned to C-H 

stretching mode. C-N stretching modes showed bands at 1303 and 1188 cm−1 and in-

plane N-H vibration mode had a band at 1041 cm−1. The peak at 783 cm−1 was 

assigned to the out-of-plane ring vibration mode of C-C and C-H bonds [127]. 

XPS analysis were carried out to further analyze the chemical structure of the 

fabricated EG/PPy nanocomposite electrodes. XPS results of bare EG and EG/PPy 

nanocomposites on paper substrates are provided in Figure 3.5 (d–f). XPS general 

spectrum of the bare EG and nanocomposite EG/PPy had signals from C, O, N 

species (Figure 3.5 (d)), which came from the components of PPy and EG. According 

to XPS survey scan results, C/O ratios were found as 11.6 and 6.16 for the bare EG 

and EG/PPy nanocomposites, respectively. For EG, the high-resolution C1s core 

level XPS spectrum (Figure 3.5 (e)) exhibited only one peak. EG/PPy spectrum, on 

the other hand, had a broader C 1s peak than the bare EG spectrum. Deconvoluted 

high resolution C1s spectra showed that EG electrode had C-C and C-O peaks, while 

EG/PPy nanocomposite had C-C and C-N peaks and C-N peak was attributed to PPy. 

No N 1s peak was observed for bare EG electrodes (Figure 3.5 (f) inset) since EG 

electrodes had no nitrogen moiety. On the other hand, a highly intense N 1s peak 

was obtained from the EG/PPy nanocomposite due to the PPy moiety. High-

resolution O1s signal was found to shift toward lower binding energies due to 

different oxidation values upon nanocomposite formation (Figure 3.5 (g)). 
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Figure 3.5. (a) XRD patterns, (b) Raman spectra, (c) FTIR spectra and, (d) XPS 

survey spectra of the fabricated paper-based bare EG and 800 sec. electrodeposited 

EG/PPy nanocomposite electrodes. High-resolution core-level (e) C1s, (f) N1s, and 

(g) O1s spectra of bare EG and 800 sec. electrodeposited EG/PPy nanocomposite. 
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Electrochemical characteristics of the prepared bare EG electrodes were 

examined in the two-electrode cell using a solid PVA/H2SO4 electrolyte. Bare EG 

paper electrodes were not examined in the three-electrode cell due to the 

electrochemical exfoliation of EG sheets during the measurements, which severely 

damaged the electrodes. Paper-based EG supercapacitor devices were fabricated 

without any external current collectors, binder, separator and conductive additives. 

Fabricated supercapacitor devices without these components were very 

advantageous to decrease the total mass of the full device. It is well known that most 

of the device mass comes from the metallic current collectors and packaging. 

CV results of brush painted paper-based EG supercapacitor devices at various 

scan rates are provided in Figure 3.6 (a). Rectangular curve shapes within the CV 

cycles of the EG supercapacitors were retained at high scan rates. GCD measurement 

results for fabricated EG devices are provided in Figure 3.6 (b). Almost isosceles 

triangular GCD curve shapes were obtained for all current densities and fabricated 

samples showed low internal resistance drop. In fabricated supercapacitor devices, 

EG coated electrodes were used both as a current collector and capacitive active 

material. It is believed that high active material loading improves the capacitance of 

the fabricated supercapacitor devices. On the other hand, the intention was to use EG 

as a current collector for the EG/PPy nanocomposite supercapacitors. EIS spectrum 

was recorded within a range of 100 kHz to 10 mHz with 5 mV AC perturbation. EIS 

results of the EG supercapacitor device revealed an ESR value of less than 20 ohms, 

as clearly seen in the high frequency region (Figure 3.6 (c) inset). A sharp and linear 

slope was obtained for the EG supercapacitor devices within the low frequency 

region. Capacitance retention and stability of fabricated EG supercapacitor devices 

were also evaluated. After 5,000 GCD cycles, almost the same capacitance value 

was obtained as shown in Figure 3.6 (d). 
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Figure 3.6. (a) CV results of EG supercapacitor at various scan rates from 1 to 500 

mV/s, (b) GCD curves at different current densities from 13 to 250 μA/cm2, and (c) 

impedance spectra within a range of 100 kHz to 10 mHz. The inset shows the high-

frequency region of the EIS spectra. (d) Capacitance retention of EG 

supercapacitor for 5,000 GCD cycles. 

The electrochemical performance of EG/PPy nanocomposite electrodes were 

evaluated in three-electrode configuration, and CV measurements (Figure 3.7 (a)) 

were conducted within a potential window of 0 to 0.8 V (vs. Ag/AgCl) in 1 M H2SO4 

electrolyte solution. Capacitance contribution of the electrodeposited PPy was 

monitored using different PPy deposition times. Following PPy deposition, physical 

integrity of the electrodes was improved and their electrochemical performance was 

remarkably increased. Increased deposition times enlarged the CV curves and 800 

seconds PPy deposited electrode showed the highest charge collection. All samples 

had a similar CV curve shape and very broad redox peaks were observed. GCD 

results of the prepared EG/PPy nanocomposites electrodes were provided in Figure 

3.7 (b). Produced nanocomposite electrodes exhibited limited IR drop and had nearly 
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triangular GCD curve shapes. Similar to CV results, increased PPy deposition also 

led to longer GCD times and capacitance was increased with the deposition time. 

Increased PPy deposition time not only improved the capacitance; but also decreased 

the serial resistance, as evidenced in Nyquist plot in Figure 3.7 (c). Comparison of 

the cycle life properties of the fabricated nanocomposite supercapacitor electrodes 

(Figure 3.7 (d)), revealed the fact that PPy enhanced structural stability of the 

electrodes. 800 seconds deposited electrode showed the best capacitance retention 

value. 200 seconds PPy deposited EG/PPy nanocomposite showed the worst 

performance and after 5,000 GCD cycles, it lost 59% of its initial capacitance. 

 

Figure 3.7. Electrochemical characteristics of EG/PPy nanocomposites with 

various PPy deposition times from 200 to 800 seconds. (a) CV results at 20 mV/s, 

(b) GCD curves at a current density of 2.5 mA/cm2, (c) impedance spectra within a 

range of 100 kHz to 10 mHz. The inset shows high-frequency regions of the EIS 

spectra. (d) Capacitance retention of fabricated nanocomposite electrodes at a 

current density of 5 mA/cm2. 
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To further determine the electrochemical behavior of the EG/PPy 

nanocomposite electrodes, 800 seconds PPy deposited nanocomposite electrode was 

tested at different CV scan rates ranging from 1 to 100 mV/s in a 1 M H2SO4 

electrolyte solution. CV results are provided in Figure 3.8 (a). The quasi-rectangular 

CV shapes were obtained for slow scan rates and there was a small deviation from 

the shape at high scan rates. GCD measurements were also recorded to observe 

electrochemical energy storage properties of the 800 sec. PPy deposited sample at 

various current densities. As provided in Figure 3.8 (b), GCD curves have almost 

linear shapes. An insignificant IR drop was seen at low current densities. This IR 

drop was mainly because of the ESR, which occurs at the electrode and electrolyte 

interface. The areal specific capacitance values of the produced EG/PPy 

nanocomposites at various current densities are given in Figure 3.8 (c). As the PPy 

coating time was increased from 200 to 800 seconds, the Csp was found to get 

enhanced remarkably at all current densities. For 800 second deposited sample, 

capacitance value just decreased to 329.7 from 510.3 mF/cm2 although current 

density was increased for eight times. Samples retained the high capacitance values 

at all current densities, which showed strong potential for the production of high-

power supercapacitors. Specific capacitance values of fabricated nanocomposite 

electrodes and their masses are tabulated and provided in Table 3.1. In 

supercapacitors, the ratio between the discharge and the charge time is called 

Coulombic efficiency. In Figure 3.8 (d) Coulombic efficiency values, calculated 

from the GCD curves given in Figure 3.8 (b), are provided with respect to changing 

current densities. It is observed that Coulombic efficiencies were in the 60-70% band 

and decreased with current density. While the highest value was 70.1% at 2.5 

mA/cm2, the lowest value was 60.7% at 10 mA/cm2. It is seen that when the current 

density increased to 10 from 2.5 mA/cm2, the Coulombic efficiency decreased by 

13.4%. 
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Figure 3.8. (a) CV curves at various scan rates from 1 to 100 mV/s and (b) GCD 

curves at different current densities from 2.5 to 10 mA/cm2 of 800 seconds PPy 

deposited EG/PPy nanocomposite electrode. (c) Csp of the fabricated 

nanocomposite electrodes as a function of GCD current density and (d) Coulombic 

efficiency values at different current densities derived from Figure 3.8 (b).  Lines 

are for visual aid.  

Table 3.1 Change in the PPy mass and specific capacitance with respect to PPy 

deposition time. 

Deposition time 

(sec) 

PPy mass 

(mg) 

Specific 

capacitance 

(F/g) 

800 2.87 177.8 

600 2.34 86.9 

400 1.94 86.7 

200 1.14 77.2 
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In order to investigate device performance of the paper based EG/PPy 

nanocomposite electrodes, 800 second PPy deposited nanocomposite electrodes 

were analyzed in two-electrode cell (full device) using PVA/H2SO4 solid electrolyte. 

In Figure 3.9 (a), the CV curves of bare EG and EG/PPy supercapacitor devices were 

provided in a voltage window of 0 – 0.8 V. Charge storage properties of bare EG 

device was remarkably enhanced with the nanocomposite formation. The 

pseudocapacitive contribution of PPy in nanocomposite was dominant when 

compared to bare EG and quasi-rectangular CV curve form was obtained for the 

EG/PPy device. This quasi-rectangular CV curve shape was also preserved at high 

scan rates, as shown in Figure 3.9 (b). Charge storage characteristics of the 

nanocomposite supercapacitor devices were also examined through GCD 

measurements. Almost symmetric GCD curves with limited IR drop was obtained 

for the EG/PPy device at various current densities (Figure 3.9 (c)). IR drop was 

mainly due to the low conductivity of PVA/H2SO4 solid electrolyte compared to its 

the aqueous counterparts. On the other hand, PVA/H2SO4 solid electrolyte provided 

better mechanical integrity and stability than the aqueous electrolytes. In 

PVA/H2SO4 solid electrolyte, fabricated nanocomposite supercapacitor devices 

showed promising capacitance retention of 90.6% following 5,000 GCD cycles, as 

shown in Figure 3.9 (d). 
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Figure 3.9. (a) CV results of fabricated bare EG and EG/PPy nanocomposite 

supercapacitor devices at a scan rate of 20 mV/s, (b) CV curves of EG/PPy device 

at various scan rates from 2 to 100 mV/s, (c) GCD curves of EG/PPy device at 

different current densities from 0.13 to 5 mA/cm2, and (d) Capacitance retention 

for the nanocomposite device at a current density of 0.5 mA/cm2. 

3.4 Conclusions 

In summary, paper based EG/PPy nanocomposite supercapacitor electrodes 

with tunable PPy content were fabricated. EG was utilized as the conductive layer 

for PPy coating and also for charge accumulation within the nanocomposites with a 

limited capacitance contribution. Fabricated supercapacitor devices were highly 

flexible and showed promising mechanical integrity among components and the 

paper. Electrodes delivered high specific capacitance and had remarkable 

capacitance retention. It is believed that the rapid fabrication process reported herein 

and elimination of separator, binder, conductive additives, and heavy metal current 
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collectors are clear advantages for the large-scale production of flexible and 

lightweight supercapacitors to power up paper-based electronics. 
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CHAPTER 4  

4 NANOCOMPOSITE SUPERCAPACITOR ELECTRODES BASED ON CARBON 

NANOFLAKES PRODUCED BY INDUCTION COUPLED PLASMA AND 

MANGANESE DIOXIDE 

4.1 Introduction 

Research towards exploration of novel and hybrid supercapacitor electrode 

materials necessitate reproducible and large scale synthesis of nanomaterials [39]. 

Induction coupled plasma (ICP) synthesis method is one of those methods, where 

highly crystallized nanomaterials with high purity can be synthesized in large 

quantities. In ICP technique, precursors are sent into direct current (DC) or radio 

frequency (RF) thermal plasma in which the temperature is high enough (e.g. 10,000 

K) to vaporize the all kinds of materials. The vapor then accumulates into 

nanoparticles within the quenching component of the system. The utilization of ICP 

is significantly attractive because it allows formation of large volume, contamination 

free, and high enthalpy plasma. In addition, it allows long exposure time of 

precursors in the high temperature zone. ICP has been utilized for the nanoparticle 

production of various materials [128]. Zhang et al. [129] produced nanoparticles with 

near spherical shapes with diameters of 100 nm and revealed that not only 

nanospheres but also nanosheets can be synthesized using ICP system. Pristavita et 

al. [130] synthesized carbon nanopowders with crystalline structure via plasma 

decomposition of methane using an ICP system. The synthesized powders collected 

from the system showed a uniform flake-like morphology. These powders, called 

carbon nanoflakes (CNFs), had typical lengths and widths of 100 and 50 nm, 

respectively with a thickness of 5 nm. High resolution TEM images revealed stacks 

of 6 to 16 graphene layers in these powders. 
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Among all the oxide-based electrode materials, MnO2 is known for its low-

cost, high specific capacitance, abundance and environmentally friendly structure. It 

is also one of the few true pseudocapacitive materials that has no redox peaks on 

cyclic voltammograms and no voltage plateau during discharge [131]. The 

pioneering study on the pseudocapacitive character of MnO2 in an aqueous 

electrolyte was presented in 1999 by Lee and Goodenough [132]. Typically, 

hydrated MnO2 shows specific capacitances within the 100–200 F/g band in alkali 

electrolytes. Having a wide variety of crystal forms, defect structure, morphology, 

texture, and porosity, MnO2 shows various distinct electrochemical properties. The 

capacitance of bulk MnO2 electrodes is unfortunately restricted by the insufficient 

electrical conductivity of MnO2. Similarly, supercapacitive performance of a planar 

ultrathin design is limited due to the low mass loading. Thus, compounding  different 

conducting materials and MnO2  has been extensively proposed to enhance the 

electrical conductivity and charge-storage ability of such electrodes [133]. 

In this study, CNF-MnO2 nanocomposite supercapacitor electrodes were 

fabricated. CNFs with promising supercapacitive properties were synthesized via 

ICP system. In order to investigate the electrochemical properties of CNFs, they were 

used as bare CNF electrodes and in nanocomposite form with MnO2. MnO2, 

synthesized through solution means, was chosen to complement CNFs in the 

nanocomposites since its electrochemical properties are well-known in literature. 

Comparison of the properties of bare CNF and MnO2 electrodes with the fabricated 

nanocomposite electrodes, allowed to determine the underlying synergistic effects. 

4.2 Experimental 

All chemicals were obtained from Sigma Aldrich unless otherwise noted and 

consumed without further purification. 

CNFs were synthesized using the ICP system. The schematic illustration and 

photograph of the ICP system are demonstrated in Figure 4.1 (a) and (b), 
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respectively. In a standard batch of production, a 30 kW ICP system (Tekna) was 

used and the reactor was operated at 22 kW. Central gas was argon (99.995%) at 15 

slpm flow rate. Sheath gas was sent as a mixture of hydrogen (99.995%) and argon 

with flow rates of 6 and 60 slpm, respectively. Nitrogen (99.99%) was chosen as the 

quenching gas and it was send through channels of the system at a flow rate of 150 

slpm. Feeding liquid was ethanol with a flow rate of 10 ml/min. The operation time 

was 35 minutes and at the end of the process 500 mg powder was obtained. 

On the other hand, MnO2 nanoparticles were produced by a redox reaction 

between stoichiometric amounts of manganese sulfate (MnSO4) and potassium 

permanganate (KMnO4) in DI water. In a standard synthesis, 10 ml of 0.15 M 

MnSO4.H2O solution was mixed with 10 ml of 0.1 M KMnO4 solution and stirred 

continuously for 6 h. Then a dark-brown powder was obtained. This powder was 

washed several times with DI water and centrifuged. Finally, it was dried at 70 °C in 

open atmosphere for 12 hours. This method allowed the synthesis of approximately 

300 mg of MnO2 powder in each experiment [134]. 

After obtaining the powder components, 3 different recipes were used to 

fabricate the supercapacitor electrodes. For the bare CNF electrode, 90 wt.% CNF 

and 10 wt.% polytetrafluoroethylene (PTFE, 60 wt.% dispersion in H2O); for the 

bare MnO2 electrodes, 70 wt.% MnO2, 20 wt.% carbon black (C-Nergy Super C65), 

and 10 wt.% PTFE; and for the nanocomposite CNF-MnO2 electrode, 50 wt.% 

MnO2, 20 wt.% CNF, 20 wt.% carbon black, and 10 wt.% PTFE were mixed 

mechanically. These mixtures were used as the pastes, thinned, and punched to 

obtain circular supercapacitor electrodes with diameters between 5 and 7 mm. 

Finally, prepared electrodes were assembled into supercapacitor devices within a 

Swagelok type cell and tested in 2-electrode configuration using glass microfiber 

filters (Whatman) as separators. The two electrodes used for the fabrication of 

supercapacitors were identical in terms of surface area and weight. Weight of each 

electrode was around 15 mg. 
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Figure 4.1. (a) The schematic illustration [128] and (b) the photograph of the ICP 

system used in the experiments. 

The morphological and energy-dispersive X-ray spectroscopy (EDS) 

examination of the fabricated electrodes was conducted by SEM (FEI Nova Nano 

SEM 430, operated at 20 kV). Dispersive Raman analysis was carried out using a 

Renishaw inVia system (excitation wavelength: 532 nm) for the structural 

characterization of the CNFs. A Perkin Elmer 400 system was utilized for FTIR 

analysis. ATR mode was used during the measurements. BET surface area was 

determined by an Autosorb-1C/MS instrument. For the electrochemical tests of the 

supercapacitor electrodes a Biologic VMP3 potentiostat/galvanostat device was 

employed. During electrochemical tests, a 1 M KOH electrolyte was used. 

Electrochemical characterization of the electrodes included CV, GCD, EIS, and 

cyclic charge discharge measurements. 

4.3 Results and Discussion 

Low- and high-magnification SEM images of the synthesized CNFs are 

provided in Figure 4.2 (a) and (b), respectively. SEM images revealed dominant 

flake-like morphology of the synthesized nanoparticles and therefore the material 

was named as CNFs. The sizes of the flakes range from 100 to 200 nm and it is 

understood that they were stacked on top of each other. 
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Low- and high-magnification SEM images of synthesized MnO2 

nanoparticles are provided in Figure 4.2 (c) and (d), respectively. Figure 4.2 (d) 

points out that the diameters of the MnO2 nanospheres are around 100 nm. This 

nanosphere morphology signifies the presence of α-MnO2 structure [134]. 

EDS spectrum of the CNFs is given in Figure 4.2 (e). Only C and O peaks 

appear on the spectrum signifying the contamination-free nature of CNFs. EDS 

analysis of MnO2 powders is given in Figure 4.2 (f). High intensity Mn and O peaks 

dominate the EDS spectra in addition to K. Following synthesis, MnO2 was 

centrifuged with copious amount of water for several times; but it is evident that 

some K due to the use of KMnO4 precursor remained within the synthesized MnO2 

powder. 

XRD pattern for CNFs is given in Figure 4.3 (a). The diffractogram points 

out the crystalline nature of the CNFs. The peaks positioned at around 26°, 43° and 

44° are the characteristic peaks of the graphitic structure. In particular, the peak 

around 26° is related to (002) plane, which signifies existence of graphitic layers 

within the nanoflakes. The peak around 43° corresponds to the (100) plane and is 

attributed to the hexagonal symmetry of the graphene layers [130]. XRD pattern of 

MnO2 is provided in Figure 4.3 (b). Broad but evident peaks at positions of 12°, 37°, 

42° and 66° signify poorly crystalline state having a short-range ordered α-

crystallographic structure for synthesized MnO2 powders (JCPDS no. 44-0141) 

[134]. 
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Figure 4.2. (a), (c) Low- and (b), (d) high-magnification SEM images of 

synthesized CNFs and MnO2, respectively. EDS spectra of synthesized (e) CNFs 

and (f) MnO2. 

 



 

 

83 

  

  

Figure 4.3. XRD patterns of synthesized (a) CNFs and (b) MnO2. (c) Raman and 

(d) FTIR spectra of the synthesized CNFs. 

In Figure 4.3 (c) Raman spectrum of CNFs is shown. G band at 1577 cm-1, D 

band at 1345 cm-1 and 2D band at 2697 cm-1 are all characteristic peaks of graphitic 

materials in Raman analysis. The degree of graphitization for the carbonaceous 

materials can be monitored through determining the intensity ratio of D peak to G 

peak (ID/IG). While D band stands for the amorphous disorder in carbonaceous 

materials, G band represents stretching vibration of the graphitic C-C bond. 

Materials with an ID/IG ratio lower than 1 are generally accepted to have relatively 

high degree of graphitization. The calculated ID/IG ratio for the current spectrum was 

less than 1. FTIR spectrum of CNF is provided in Figure 4.3 (d). According to 

Donnet [135], the FTIR profile of pristine carbon black is relatively featureless 

because the graphene sheets forming carbon black, disposed in a turbostratic way, 

are not infrared active [136]. From this perspective, one can state that the synthesized 

CNFs were similar to pristine carbon black under infrared radiation. In addition to 

structural analysis, specific surface area of the CNFs was also measured through 
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BET analysis. A specific surface area of 320 m2/g was obtained for the synthesized 

CNFs, which is highly competitive compared to similar materials in literature [130]. 

CV results for the CNF-MnO2 nanocomposite electrode at different scan rates 

ranging from 2 to 400 mV/s are provided in Figure 4.4 (a). Nearly rectangular shapes 

of the curves at low scan rates point out the capacitive behavior of the fabricated 

nanocomposite electrodes. Since the tests were carried out in 2-electrode 

configuration, redox peaks of pseudocapacitive MnO2 were not evident on the CV 

curves. The curves are nearly horizontal especially at low scan rates signifying 

sufficient conductivity of the nanocomposite electrodes. With increased scan rates, 

inherently horizontal curves shifted towards diagonal and area within the curves 

increased. Comparison of CV curves of the nanocomposite electrode, bare CNF 

electrode and bare MnO2 electrode at a scan rate of 2 mV/s is provided in Figure 4.4 

(b). As expected, CV curve for bare CNF electrode had the smallest area among 

others; but at the same time, had the most distinct rectangular shape compared to the 

other electrodes. Since MnO2 has pseudocapacitive behavior its specific capacity is 

always higher than that of carbon-based materials. Thus, as expected, bare MnO2 

electrode showed high charge accumulation evidenced by its larger CV curve 

compared to the bare CNF electrode. Similar case was observed when bare MnO2 

and nanocomposite electrodes are compared. CV curve for bare MnO2 electrode had 

a larger area because it contained higher amount of MnO2 per gram with respect to 

the nanocomposite electrode. 

GCD curves of nanocomposite electrodes at different current densities are 

provided in Figure 4.5 (a). Triangle shapes of these curves are characteristic of the 

supercapacitors. Instant current decrease at the top of the triangles represents the IR 

drop and is significant in electrodes with low conductivity. For the fabricated 

nanocomposite electrodes, IR drop was found to be relatively small indicating that 

the conductivity of the fabricated electrodes was enough for the charge transfer. 

Comparison of GCD curves of all prepared electrodes is given at a current density 

of 0.1 A/g in Figure 4.5 (b). Charge and discharge times for the bare MnO2 electrode 

are quite longer than that of bare CNF electrode due to the pseudocapacitive 
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mechanism of MnO2. Nanocomposite electrodes, on the other hand, had a moderate 

charge-discharge time between that of bare MnO2 and CNF electrodes. 

 

Figure 4.4. (a) CV curves of CNF-MnO2 nanocomposite electrode at different scan 

rates and (b) comparison of CV curves of bare CNF, bare MnO2 and CNF-MnO2 

nanocomposite electrodes at a scan rate of 2 mV/s. 

 

Figure 4.5. (a) GCD curves of CNF-MnO2 nanocomposite electrode at different 

current densities and (b) comparison of GCD curves of bare CNF, bare MnO2 and 

CNF-MnO2 nanocomposite electrodes at a current density of 0.1 A/g. 

In supercapacitors, the ratio between the discharge and the charge time is 

named as the Coulombic efficiency (CE). This concept is very critical for the 

determination of supercapacitor performance, especially in terms of cyclic life. In 

Figure 4.6 (a) CEs of 3 different electrodes are shown with respect to the current 

density. At all current densities, bare CNF electrode had higher CE values compared 

to bare MnO2 electrode. This case is accepted as normal because carbonaceous 
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materials have higher CEs due to their EDLC mechanism. The fabricated 

nanocomposite electrode had the lowest CE especially at high current densities in 

contrast to what is expected. But interestingly at a current density of 0.1 A/g 

nanocomposite electrode had the highest CE of 94.2%. This case was ascribed to the 

synergistic effect through the combination of EDLC and pseudocapacitive behaviors 

at that current density. 

Since 2-electrode configuration was employed for the electrochemical tests, 

Csp values of the electrodes were determined using the following equation. 

𝐶𝑠𝑝 = 4
𝐼

𝑚𝑡
𝛥𝑉
𝛥𝑡

     (4.1) 

,where I (A) is the discharge current, mt (g) is the total mass of the active material in 

both electrodes, V (V) is the discharge potential and t (s) is the time of discharge 

step. In Figure 4.6 (b) Csp values of the electrodes are provided with respect to the 

current densities. For all fabricated electrodes, Csp values were observed to diminish 

with the increasing current density. On the other hand, bare CNF electrodes had very 

low Csp values compared to the other electrodes. This case is again an inherent result 

due to the difference between EDLC and pseudocapacitive mechanisms. In addition, 

since the mass of MnO2 in bare MnO2 electrode was more than that within the 

nanocomposite electrode, Csp value for the bare MnO2 electrode was also higher than 

the fabricated nanocomposite electrode. Obtained Csp values were 7.72, 289.75 and 

220.38 F/g for bare CNF, bare MnO2 and CNF-MnO2 nanocomposite electrodes, 

respectively, at a current density of 0.1 A/g. 
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Figure 4.6. Change in (a) Coulombic efficiency and (b) specific capacitance with 

respect to current density for the fabricated electrodes. Lines are for visual aid. 

EIS results of all fabricated electrodes are provided in Figure 4.7 (a). Low 

frequency region of the EIS curves is provided as the inset in the figure. EIS tests 

were conducted with an AC perturbation of 5 mV and within a frequency range of 

100 kHz to 10 mHz. In high frequency region, the minimum intercept point of a 

curve with X-axis corresponds to the series resistance, while the diameter of the 

semi-circle represents the charge transfer resistance. In the light of this information, 

as expected, bare CNF electrode showed minimum series and charge transfer 

resistances of 0.8 Ω and 1.92 Ω, respectively. On the contrary, bare MnO2 electrode 

had the highest series and charge transfer resistances as 2.4 Ω and 6.55 Ω, 

respectively. This case arises from the nature of carbonaceous and oxide-based 

materials. CNF-MnO2 nanocomposite electrode had a similar series resistance to that 

of bare CNF electrode as 0.92 Ω. In addition, it was obvious that the addition of 

CNFs improved the charge transfer mechanism of MnO2 and the resistance of the 

electrode decreased to 4.16 Ω. 

Fabricated electrodes were subjected to 1,000 charge-discharge cycles at a 

current density of 0.5 A/g. The results of these capacitance retention tests are 

provided in Figure 4.7 (b). As expected, bare CNF electrode showed the highest 

cyclic performance among the other electrodes because its capacitance mechanism 

is based purely on EDLC. Bare CNF electrode conserved 87.3% of its initial 

capacitance. This value decreased to 54.6% when it comes to bare MnO2 electrode. 
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The reason of this decrease is the pseudocapacitive nature of the MnO2. Fast redox 

reactions harm the bare MnO2 electrode notably during 1,000 cycles of charge and 

discharge. But following the addition CNFs and formation of the nanocomposite 

electrode, cyclic performance of the electrodes improved significantly. CNF-MnO2 

nanocomposite electrode conserved 67.2% of its initial capacitance. 

 

Figure 4.7. (a) Nyquist plot and (b) capacitance retention plot for the fabricated 

electrodes. Inset shows the high frequency region of the Nyquist plot. 

CNFs produced through ICP method is highly promising for electrochemical 

energy storage primarily because of the significant synthesis yield and remarkably 

low cost. Although some slight improvements are demonstrated via fabricated 

nanocomposites in this work, there exists a lot of room to improve the 

electrochemical characteristics of CNFs, through functionalization, pore formation 

and in-situ decoration with pseudocapacitive materials. 

4.4 Conclusions 

In this work, CNF-MnO2 nanocomposite supercapacitor electrodes were 

fabricated. CNFs were synthesized using ethanol as the precursor in the ICP system. 

CE and capacitance retention values of the nanocomposite electrodes were found to 

improve compared to the bare MnO2 electrode. The improvements were 23% and 

18% for CE and capacitance retention, respectively, upon the formation of 

nanocomposite electrodes. As shown in this work, synthesis of CNFs by ICP system 
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is very practical and has a potential for mass production. This point shows that the 

CNFs synthesized by ICP system is highly promising for supercapacitor electrodes 

and can be used directly or as an additive to other active materials not only in 

supercapacitor but also in battery electrodes. 
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CHAPTER 5  

5 REDUCED GRAPHENE OXIDE AEROGEL - MOLYBDENUM DISULFIDE 

SUPERCAPACITOR ELECTRODES ON NICKEL FOAMS 

5.1 Introduction 

Chemical oxidation-exfoliation-reduction of graphite powder is an effective 

technique for the synthesis of graphene materials, along with its derivatives such as 

graphene oxide (GO) and reduced GO (rGO). This inexpensive wet chemical method 

has some advantages, such as high yield using cheap graphite powders, adaptability 

and scalability for industrial production, simplicity in adjusting the specifications of 

graphene materials, and suitability of producing graphene composites. The most 

commonly used technique for synthesizing GO is chemical oxidation of graphite 

powder into graphite oxide using strong oxidants and concentrated acids, followed 

by mechanical exfoliation. Graphite oxide can be simply exfoliated into GO flakes 

by dilution or sonication to obtain a stable dispersion in water. rGO aerogels are 

types of popular monolithic carbonaceous materials with 3D micro and 

nanoarchitectures. Aerogels of rGO and their composites are usually obtained from 

their hydrogel precursors using freeze drying, which is a wet shaping method for 

porous materials, in order to substitute water stuck in the network with air. GO and 

rGO hydrogels can be synthesized via the routes shown in Figure 5.1 [137]. 

rGO based gels have been used extensively to fabricate the supercapacitor 

electrodes, showing notable performances. Xu et al. [138] developed a 

supercapacitor based on rGO gel and it delivered a high specific gravimetric 

capacitance of 152 F/g  which is approximately 50% higher than that based on 

agglomerates of rGO (100 F/g) [137]. 
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Figure 5.1. Production routes of GO and rGO hydrogels [137]. 

After the discovery of superior properties of graphene, in recent years other 

2D inorganic nanomaterials, especially mono- and multi-layered nanosheets of 

layered transition metal dichalcogenides (TMDs), such as molybdenum disulfide 

(MoS2), titanium disulfide (TiS2), tungsten diselenide (WSe2), and etc., received 

significant attention. Up to now, different techniques have been proposed for the 

production of single- or few-layer TMD nanosheets, such as CVD, mechanical 

cleavage technique and intercalation/exfoliation processes (Figure 5.2 (a)). These 2D 

nanomaterials that are electronically and chemically active showed promising 

performances in electrocatalysis, opto-electronic/electronic devices, sensors and 

energy storage applications [139]. 

MoS2, has a very similar layered structure to 2D graphene. Research on MoS2 

for utilization in electrochemical energy storage has been going on for a long time. 

MoS2 has a 2H phase crystal structure with a monolayer bandgap of about 1.9 eV. 

Therefore, it has semi-insulating behavior and not preferred as an electrode material 

for energy storage applications directly. On the other hand, 1T phase of MoS2 which 

can be synthesized from 2H phase has 107 times higher conductivity than that of 

semiconducting 2H phase. In addition, it is significantly hydrophilic [140]. The 
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phase transition from 2H to 1T changes the density of states, resulting in MoS2 

transforming from the semiconducting to metallic phase. Nevertheless, 1T phase is 

not stable and transforms back to the 2H phase upon annealing at around 300 °C. 

Both the 1T and 2H phase of MoS2 may exist in single-layer nanosheets form. Since 

the two phases with different electronic properties are lattice matched, they form 

electronic and atomic heterostructures that are chemically homogeneous [141]. 

Crystal structures of 2H and 1T phases of MoS2 are schematically illustrated in 

Figure 5.2 (b).   

 

Figure 5.2. Schematic illustration of (a) exfoliation process [142] and (b) crystal 

structure of 2H and 1T phases of MoS2 [143] (Mo: Cyan, S: Yellow). 

In this work, rGO-MoS2 nanocomposite electrodes were prepared on nickel 

foam. These nanocomposite supercapacitors were tested using different 

electrochemical techniques and the results were compared with a control device 

consisting of bare rGO electrodes.  
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5.2 Experimental 

GO was synthesized via Tour method [144]. This method was preferred since 

it is simple and allows high-yield synthesis without release of poisonous gases. 

Firstly, 3 g graphite and 18 g KMnO4 were mixed. Onto this powder mixture, 400 

ml H2SO4 and phosphoric acid (H3PO4) acid mixture with a ratio of 9:1 was added. 

Then powder and acid mixture was stirred for 12 hours at 50 °C. After reaching RT 

the mixture was poured into an ice bath prepared using 400 ml water. The reaction 

was finalized adding hydrogen peroxide (H2O2, 30%). Lastly, acidic components 

were separated via centrifuge and GO was purified using hydrochloric acid (HCl, 

3.4%) and acetone. GO hydrogels were obtained solvothermally from GO 

dispersions. Then the hydrogels were freeze-dried using a Labconco FreeZone 2.5 

freeze dryer and thermally reduced to obtain rGO aerogel [145]. The diagram of rGO 

aerogel production is given in Figure 5.3. 

 

Figure 5.3. Schematic diagram for rGO aerogel production. 

Exfoliation of MoS2 was achieved through Li intercalation as shown 

schematically in Figure 5.4. In the beginning of the procedure, 0.25 g MoS2 powder 

(Sigma-Aldrich, 98%) and 10 ml n-Butyllithium in hexane (Sigma-Aldrich, 1.6 M) 

was placed in a bottle inside an argon filled glove-box (0.6 ppm H2O, 14.5 ppm O2, 

4.8 mbar pressure). These precursors were mixed for 48 hours at 80 °C. After mixing, 
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the solution was washed with hexane by 3 consecutive centrifuge processes. Then 

the intercalated powder was exfoliated in water by sonication for 1 hour. Final 

solution was centrifuged 3 times and the exfoliated MoS2 powder was collected upon 

drying in a vacuum oven. 

 

 

Figure 5.4. Photos showing the MoS2 exfoliation procedure. 

For the fabrication of nanocomposite supercapacitor electrodes, firstly rGO 

aerogel was pressed on a nickel foam substrate (rGO@nickel foam). After that an 

exfoliated MoS2 dispersion in ethanol was simply drop-casted onto rGO@nickel 

foams. Finally, excess ethanol was evaporated using a hot plate and a symmetric 

device was assembled using the produced rGO-MoS2 electrodes. Diagram of rGO-

MoS2 electrode preparation is shown in Figure 5.5. Electrochemical measurements 

of the fabricated electrodes were carried out through CV, GCD, and EIS tests in a 

potentiostat/galvanostat system (Biologic VMP3). Two-electrode configuration was 

set up in a Swagelok cell for the measurements. Results of the tests were compared 

to that of rGO@nickel foam control samples. 6 M KOH solution was selected as the 

electrolyte for the measurements. 
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Figure 5.5. Schematic diagram showing the preparation of rGO-MoS2 

nanocomposite supercapacitor electrodes.  

5.3 Results and Discussion 

SEM images of GO, rGO and pressed rGO aerogels are provided in Figure 

5.6 (a), (b) and (c), respectively. In all images well-separated GO and rGO flakes can 

be seen clearly. Following reduction reaction, it is clear that there are no significant 

morphological changes when Figure 5.6 (a) and (b) are compared. As seen in Figure 

5.6 (c) after pressing, no deformation effects were observed in the rGO@nickel foam 

and it is concluded that rGO samples retained their morphology upon pressing.  
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Figure 5.6. SEM images of (a) GO, (b) rGO and (c) pressed rGO aerogels. 

On the other hand, SEM images of pristine MoS2 (p-MoS2) and exfoliated 

MoS2 (e-MoS2) are provided in Figure 5.7 (a) and (b), respectively. p-MoS2 powder 

was very coarse but one can clearly see the e-MoS2 sheets in Figure 5.7 (b). These 

morphological modifications are clear signs of successful exfoliation processes for 

MoS2. 

  

Figure 5.7. SEM images of (a) p-MoS2 and (b) e-MoS2. 
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Characteristic (001) peak of synthesized GO (JCPDS no. 75-2078) was 

observed at 5° in XRD analysis of the sample (Figure 5.8 (a)). No extra peak was 

observed in the XRD pattern indicating that the GO was free of contamination and 

residues within the detection limit of XRD. Diagnosis of D band and G band for 

carbonaceous materials in Raman analysis is critical in terms of the existence of the 

graphene structures (see Section 2.3, Figure 2.7). Both D and G bands are clearly 

seen for GO and rGO aerogel samples (Figure 5.8 (b)).  

 

Figure 5.8. (a) XRD pattern of GO and (b) Raman spectra of GO and rGO aerogels. 

Figure 5.9 (a) shows the XRD patterns of the pristine and exfoliated MoS2. 

The (002) peak of MoS2 is known to correspond to the interplanar spacing between 

the nanosheets. The broadness of the (002) peak points out that the nanosheets are 

randomly distributed with large spacing between the layers. In Figure 5.9 (b), Raman 

spectra of the p-MoS2 and e-MoS2 are shown. The intensity of E1
2g was low in the 

spectrum of e-MoS2 and this was attributed to the presence of 1T MoS2 sheets and a 

successful exfoliation [140]. 
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Figure 5.9. (a) XRD pattern and (b) Raman spectra of p-MoS2 and e-MoS2. 

Figure 5.10 (a) and (b) demonstrate XPS survey spectra and spectra of C for 

GO, respectively. In the survey spectra, only C peak at 285 eV and O peak at 531 eV 

were observed as seen in Figure 5.10 (a). Upon deconvolution of C peak, C=C, C-

O, C=O, and O=C-OH bonds, which are associated with the GO were identified as 

shown in Figure 5.10 (b) [146]. 

 

Figure 5.10. XPS (a) survey spectra and (b) spectra of C of GO. 

In Figure 5.11 (a) and (b) rGO-MoS2 nanocomposite electrode and bare 

rGO@nickel foam electrode are compared in terms of their CV performances at 25 

and 400 mV/s, respectively. Area of the CV curve in nanocomposite electrode is 

larger than that of bare rGO@nickel foam meaning that specific capacitance of rGO-

MoS2 electrode is higher than that of bare rGO@nickel foam electrode. The 

difference between the electrodes became more evident when the scan rate was 

increased to 400 from 25 mV/s. 
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Figure 5.11. CV curves of bare rGO@nickel foam and rGO-MoS2 nanocomposite 

electrodes at scan rates of (a) 25 mV/s and (b) 400 mV/s. 

In order to determine the rate capabilities, CV curves of bare rGO@nickel 

foam and rGO-MoS2 nanocomposite electrodes are provided at different scan rates 

in Figure 5.12 (a) and (b), respectively. Quasi-rectangular shapes of the CV curves 

which is a well-known characteristic of supercapacitors are quite clear for both 

samples at lower scan rates. At higher scan rates, although bare rGO@nickel foam 

electrode deflected from ideal substantially (Figure 5.12 (a)), rGO-MoS2 

nanocomposite electrode significantly retained its CV shape (Figure 5.12 (b)). 

 

Figure 5.12. CV curves of (a) bare rGO@nickel foam and (b) rGO-MoS2 

nanocomposite electrodes at different scan rates. 
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Results of the GCD tests are shown in Figure 5.13 for both samples at 

different current densities. Highly symmetric and plateau-free, triangle-like GCD 

curves pointing out capacitive behavior were obtained. A small IR drop, can be 

observed in Figure 5.13 (a). When it comes to rGO-MoS2 nanocomposite, much 

lower IR drop was observed than that of bare rGO@nickel foam as shown in Figure 

5.13 (b).   

 

Figure 5.13. GCD curves of (a) bare rGO@nickel foam and (b) rGO-MoS2 

nanocomposite electrodes at different current densities. 

As seen in Figure 5.14 (a), discharge time of nanocomposite electrode is 

longer than that of bare rGO@nickel foam electrode. This means that nanocomposite 

electrode had higher specific capacitance. Equation 2.1 is used to calculate the 

specific capacitance values. While 67.5 mF/cm2 specific capacitance was calculated 

for nanocomposite electrode, bare rGO@nickel foam electrode had a specific 

capacitance of 42.5 mF/cm2. Coulombic efficiency values of the samples are 

provided in Figure 5.14 (b). Nanocomposite electrode showed higher Coulombic 

efficiencies at each current density than bare rGO@nickel foam electrode. A 

maximum Coulombic efficiency of 87% was recorded at a current density of 2 

mA/cm2. 

As expected Csp values of both samples decreased with increasing current 

density as shown in Figure 5.15 (a). In the same interval the Coulombic efficiency 

of rGO-MoS2 electrode remained higher than 55%. After 3,000 charge-discharge 
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cycles, bare rGO@nickel foam electrode conserved 67% of its initial capacitance as 

shown in Figure 5.15 (b). This value was 81% for nanocomposite electrode. It is 

clear that the MoS2 addition increases the capacitance retention of the device. This 

is attributed to the thin layer of MoS2 on rGO. MoS2 coating improves the attachment 

of rGO to the Ni foam and protects it form external effects such as exposure to 

electrolyte for prolonged times. Thus, nanocomposite electrode was able to retain 

much of its capacitance without losing its initial form.   

 

Figure 5.14. (a) Comparison of GCD curves and (b) Coulombic efficiency values 

of bare rGO@nickel foam and rGO-MoS2 nanocomposite electrodes. 

 

Figure 5.15. (a) Csp values of the bare rGO@nickel foam and rGO-MoS2 

nanocomposite electrode and related Coulombic efficiencies of rGO-MoS2 

electrode with respect to current density and (b) capacitance retention performance 

of the samples.  
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EIS measurements were carried out between 100 kHz and 10 mHz frequency 

and the results are provided in Figure 5.16. Both electrodes showed a nearly vertical 

line in the low frequency region, which is a supercapacitor behavior as seen in Figure 

5.16 (a). As seen in the inset of Figure 5.16 (a), series resistances of both electrodes 

were determined as nearly the same. Nanocomposite electrode had less charge 

transfer resistance than bare rGO@nickel foam electrode as demonstrated in Figure 

5.16 (b). Therefore, it is concluded that addition of MoS2 improves the charge 

transfer efficiency within the electrode. This enhancement is attributed to the filling 

the pores of rGO by MoS2 upon drop-casting. Charges are able to find more routes 

in the electrodes to complete the circuit, thanks to MoS2 infiltration into the pores of 

rGO. This case is also considered the reason of the higher Coulombic efficiency of 

the nanocomposite electrode compared to bare rGO@nickel foam electrode.  

 

Figure 5.16. (a) Low frequency and (b) high frequency region of EIS results. Inset 

of (a) demonstrates very high frequency region. EIS model is provided within (b). 

Similar to De Levie’s [147] explanation to define the distribution of 

capacitance in porous materials as parallel resistor-capacitor (RC) circuits, for 

description of the basic operation of a supercapacitor, a simplified RC equivalent 

circuit model can be considered. An adapted form of this model to the symmetric 

cells is schematically illustrated in inset of Figure 5.16 (b) for the current study. On 

the schematic, Rf-/+ and C-/+ stand for the faradic resistance and capacitance for the 

negative and positive electrodes, respectively. RS represents the ESR of the device 

[2].  
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5.4 Conclusions 

A practical method for the fabrication of rGO-MoS2 nanocomposite 

supercapacitor electrodes was developed. Nanocomposite electrodes showed higher 

Coulombic efficiencies compared to the bare rGO@nickel foam electrode for all the 

applied currents. Following nanocomposite formation, cyclic life of the electrodes 

increased from 67% to 81%. Specific capacitance of the rGO-MoS2 nanocomposite 

electrodes was 67.5 mF/cm2 at 2 mA/cm2 in 6 M KOH electrolyte, which was 

approximately 60% higher than that of bare rGO@nickel foam electrode.
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CHAPTER 6  

6 2D HEXAGONAL BORON NITRIDE - MOLYBDENUM DISULFIDE 

NANOCOMPOSITE SUPERCAPACITOR ELECTRODES 

6.1 Introduction 

In recent years, 2D hexagonal boron nitride (h-BN) nanosheets received 

significant attention. They are electrically insulating, have ultra-flat surface and  

quite stable structures (Figure 6.1). h-BN can well be modified to impart additional 

functionalities by several methods, such as hybridization, substitution, and doping. 

In addition, it can be utilized to adjust the carrier mobility level of other 2D materials, 

such as graphene, MoS2, and black phosphorus. Driven by the predicted potential, 

few and single-layer h-BN nanosheets have been successfully obtained and 

examined. In fact, they have been used showing promising performances in various 

applications involving photonic and power devices, electronic packaging, fuel cells, 

and biomedicine [148]. 

 

Figure 6.1. Schematic illustration of molecular structure of h-BN [142]. 



 

 

106 

Supercapacitors bridge the gap between rechargeable batteries and 

electrolytic capacitors. In supercapacitors, collected charges heavily depend on the 

specific surface area of the electrode materials. Charges are deposited at the interface 

between the electrolyte solution and the surface of electrodes. 2D materials are very 

important as supercapacitor components because of their high specific surface area. 

In the past decade, several techniques have been proposed to exfoliate layered 

materials to obtain monolayer nanostructures. These exfoliation techniques form 

significantly high-aspect ratio nanosheets with very high specific surface area. These 

are desired for applications in which surface activity is crucial. h-BN can also be 

exfoliated by sonication in surfactant solutions, solvents, or polymeric solutions to 

produce 2D h-BN nanosheets [142]. In addition to nanosheets, h-BN can be 

synthesized as nanoparticles, tubes and fibers and the specific surface area of these 

materials vary from 140 to 900 m2/g [149,150]. 

Pristine h-BN is utilized in variety of applications in high-temperature 

devices. In addition, it is used as a substrate for the synthesis of other 2D materials. 

Nevertheless, it has electrically insulating nature in its pristine form and this restricts 

its usage in electrochemistry and in other electronic applications to separators and 

heat spreaders. Modification of the band gap can alternate the characteristics of h-

BN for aforementioned applications. For this purpose, graphene can be used to 

prepare a composite and it can change the band gap of h-BN. The B−N bond length 

is approximately 1.7% longer than that in C−C bond and therefore minimal internal 

stress is anticipated when graphene is mixed with the h-BN. Thus, graphene and h-

BN are suitable for combining in heterostructures. The enhanced electrical 

conductivity and the hierarchical structure of graphene/h-BN nanocomposites are 

already utilized in energy storage devices, while the use of bare h-BN is limited to 

conventional dielectric capacitors. A simple and single-step hydrothermal technique 

was described by Saha et al. [151] for the fabrication of h-BN/reduced graphene 

oxide (rGO) hybrid nanocomposites. The presence of rGO enhanced electrical 

conductivity of h-BN and presented better ion exchange with the electrolyte by 

reducing the ionic resistance and also the charge-transfer resistance. A high specific 
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capacitance of around 824 F/g was obtained at a current density of 4 A/g for this 

nanocomposite in three-electrode configuration. In 6 M aqueous KOH electrolyte, 

the potential window of the supercapacitor electrode was in between −0.1 and 0.5 V. 

The working voltage was raised to 1.4 V in asymmetric devices, in which a rGO was 

utilized as the negative electrode and the h-BN/rGO composite was the positive 

electrode. The device showed a specific capacitance of 146 F/g at a current density 

of 6 A/g. In another study, Khan et al. [152] fabricated surfactant-exfoliated 2D h-

BN nanosheets using sodium cholate which were then immobilized onto graphite 

electrodes using screen printing. Electrochemical properties of this composite was 

evaluated using 0.1 M H2SO4 electrolyte in a two-electrode system and a specific 

capacitance of 189 F/g was reported. 

In order to alternate the band gap of h-BN, MoS2 with its very similar 

properties to graphene can be used as an alternative support material [153]. 

Nanocomposite materials composed of MoS2 and h-BN were investigated for 

various applications [154–157]. Wang et al. [158] reported a direct CVD technique 

for the production of high-quality monolayer h-BN/MoS2vertical heterostructured 

films and it was concluded that there is a notable interaction between the MoS2 and 

underlying h-BN. 

In this work, 2D h-BN/MoS2 nanocomposite electrodes were produced using 

solution-based synthesis methods and their electrochemical performances were 

examined carefully. Before the fabrication of the electrodes, both MoS2 and h-BN 

were chemically exfoliated. Electrochemical characteristics such as specific 

capacitance and capacitance retention of the produced nanocomposite electrodes 

were investigated via CV, chronopotentiometry and EIS in a two-electrode cell. 

Experimental results were compared to that of the control sample prepared from bare 

1T MoS2 nanosheets.  
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6.2 Experimental 

In order to prepare h-BN/MoS2 nanocomposite supercapacitor electrodes 

both materials were first exfoliated. The exfoliation process of h-BN, schematically 

shown in Figure 6.2, was started through mixing 0.2 g h-BN (Nanografi, Turkey, 

99.7%) and 4 g urea (Sigma-Aldrich, 99%) with an urea/h-BN ratio of 20. The 

mixture was placed in a stainless-steel ball mill container including 10 mm-diameter 

10 stainless-steel balls. Ball milling was carried out for 5 hours at 200 rpm. After 

ball milling, product powder was collected and dispersed in DI water. This solution 

was rinsed with DI water by several centrifuge steps until the final solution had a pH 

of 7. Finally, exfoliated h-BN was dispersed in DI water for further tests and analysis. 

The exfoliation procedure of MoS2 is mentioned in Section 5.2.   

 

Figure 6.2. Photos showing the h-BN exfoliation procedure. 

Electrode preparation procedure is schematically shown in Figure 6.3. First, 

70 wt.% MoS2, 10 wt.% carbon black (C-Nergy Super C65), 10 wt.% PTFE (Sigma-

Aldrich, 60 wt. % dispersion in H2O), and 10 wt.% h-BN were mixed in isopropanol. 

In control sample, instead of h-BN, 80 wt.% MoS2 was used. The weights of the 

electrodes were measured as 6.3 mg. After mixing, the excess isopropanol was 

evaporated and an electrode dough was obtained. Thinned electrode dough was 

punched with a diameter of 7 mm. The weights of the punched electrodes were 
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measured and symmetric supercapacitor devices were assembled in Swagelok cells. 

Prepared cells were tested in 2-electrode configuration using a 

potentiostat/galvanostat system (Biologic VMP3). 1 M Na2SO4 solution was used as 

the electrolyte. 

 

Figure 6.3. Schematic of the supercapacitor electrode preparation procedure. 

6.3 Results and Discussion 

Structural analysis of pristine and exfoliated MoS2 was conducted using 

SEM, XRD and Raman spectroscopy techniques and the results were mentioned in 

Section 5.3. SEM images of pristine (p/h-BN) and exfoliated (e/h-BN) h-BN samples 

are provided in Figure 6.4 (a) and (b), respectively. It is clear that the exfoliation 

process changed the morphology of h-BN powders. Large h-BN particles were 

replaced with finer ones.  
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Figure 6.4. SEM images of (a) p/h-BN and (b) e/h-BN. 

XRD pattern of h-BN is given in Figure 6.5 (a). In comparison with the p/h-

BN, peaks of e/h-BN showed a significantly decreased intensity and notably 

broadened peaks, proving the presence exfoliated h-BN sheets and much less ordered 

structure. Raman spectra for both pristine and exfoliated samples are provided in 

Figure 6.5 (b) and only the characteristic E2g Raman peak of h-BN was observed in 

both spectra. This means that the exfoliation did not cause any damage to the 

structure. The decrease in the intensity can be ascribed to the active material 

concentration in the Raman measurements. Bulk p/h-BN was a dense powder; thus, 

it gives a high intensity signal. On the other hand, e-h-BN had a loose structure and 

this led to a decrease in the Raman intensity.  

 

Figure 6.5. (a) XRD pattern and (b) Raman spectra of p/h-BN and e/h-BN. 

Electrochemical characterization started with CV tests by applying different 

scan rates ranging from 20 to 400 mV/s. CV curves shown in Figure 6.6 (a) and (b) 
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point out that both bare MoS2 and h-BN/MoS2 nanocomposite electrodes have very 

similar rectangular shapes, which is a sign of significant capacitive behavior. At scan 

rates as high as 400 mV/s seen in Figure 6.6 (d), the curves of the both electrodes 

almost overlap. Not in striking contrast, at low scan rates such as 20 mV/s, given in 

Figure 6.6 (c), there is a slight difference between the curves. This means the Csp 

values are close to each other. 

 

 

Figure 6.6. CV curves of (a) bare MoS2 and (b) h-BN/MoS2 composite electrodes 

at different scan rates. Comparison of the electrodes at (c) 20 and (d) 400 mV/s. 

GCD curves of control and experimental samples, provided in Figure 6.7 (a) 

and (b), respectively, have characteristic triangle shape of supercapacitors. In Figure 

6.7 (c), comparison of GCD curves of electrodes is given at a current density of 0.6 

A/g. It is obvious that bare MoS2 electrode had longer discharge time compared to 

the composite electrode and this resulted in a slightly higher capacitance in the bare 

electrode. On the other hand, as seen in Figure 6.7 (d) composite electrode had higher 

Coulombic efficiency at all current densities compared to bare MoS2 electrode. 
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Csp of the electrodes were calculated using Equation 2.1 and graph provided 

in Figure 6.8 (a) was obtained. While h-BN/MoS2 nanocomposite electrode had a 

maximum Csp of 43 F/g at a current density of 0.2 A/g, bare MoS2 electrode showed 

a Csp of 49 F/g at the same current density. Energy densities of the devices were 

calculated using Equation 1.3. Nanocomposite electrode had an energy density of 

3.84 Wh/kg at a current density of 0.2 A/g. An energy density of 4.35 Wh/kg was 

obtained for the bare MoS2 electrode at the same current density. On the other hand, 

composite electrode conserved 84% of its initial capacitance after 1,000 charge-

discharge cycles, which was higher than the retention of the bare electrode, as shown 

in Figure 6.8 (b). In Figure 6.8 (c) low frequency region of the Nyquist plot obtained 

from EIS measurements is provided. The straight line in this region is a result of the 

capacitive character of the electrodes. A simplified RC equivalent circuit model, 

schematically illustrated in the inset of Figure 6.8 (c), was proposed for the tested 

symmetric cell. On the schematic, Rf-/+ and C-/+ stand for the faradic resistance and 

capacitance for the negative and positive electrodes, respectively. RS represents the 

ESR of the device. While bare MoS2 electrode had an ESR of 0.89 Ω, the 

nanocomposite electrode showed an ESR of 1.15 Ω. The Pmax values of the devices 

were calculated using Equation 1.4. Bare MoS2 electrode had a Pmax of 14.26 kW/kg 

and nanocomposite electrode showed a Pmax of 11.08 kW/kg. Diameter of the 

semicircle found in high frequency region represents the charge transfer resistance 

and bare MoS2 electrode had a slightly lower resistance compared to the composite 

electrode, as shown in Figure 6.8 (d). Similar case is valid for the series resistance 

values given in the inset of Figure 6.8 (d). 
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Figure 6.7. GCD curves of (a) bare MoS2 and (b) h-BN/MoS2 nanocomposite 

electrodes at different current densities. Comparison of the electrodes in (c) GCD 

curves at 0.6 A/g and (d) Coulombic efficiency. 

The bare MoS2 electrode showed a slightly higher Csp compared to h-

BN/MoS2 nanocomposite electrode. This is ascribed to the higher resistance of the 

nanocomposite electrode determined by the EIS test. The presence of h-BN in the 

nanocomposite electrode decreased the conductivity slightly and this led to a 

reduction in Csp compared to bare MoS2 electrode. On the contrary, the 

nanocomposite electrode showed higher Coulombic efficiency and capacitance 

retention compared to the bare MoS2 electrode. These enhancements are attributed 

to a decrease in the restacking tendency of MoS2 nanosheets with the help of h-BN. 

It is known that h-BN and its derivatives are utilized as restacking inhibitor for 2D 

materials used in electrochemical energy storage [159]. With decreasing restacking 

thanks to h-BN, electrolyte ions were able to be released easily from the gaps 

between the MoS2 nanosheets during discharge and thus the Coulombic efficiency 
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of the nanocomposite electrode improved. Similarly, with decreased restacking, the 

specific surface area of MoS2 remained relatively high during 1,000 cycles of 

charge/discharge and therefore a higher capacitance retention performance was 

observed for nanocomposite electrode compared to bare MoS2 electrode.  

 

 

 

Figure 6.8. (a) Csp values of the electrodes at different current densities, (b) 

capacitance retention of the electrodes after 1,000 cycles. (c) Low and (d) high 

frequency region of Nyquist plot. Inset shows series resistance values. 

6.4 Conclusions 

Nanocomposite supercapacitor electrodes with MoS2 and h-BN were 

fabricated and electrochemical characteristics were compared to that of bare MoS2 

electrodes. A specific capacitance of 43 F/g, a Coulombic efficiency of 68%, and a 

series resistance of 1.15 Ω in 1 M Na2SO4 electrolyte were obtained from the 
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fabricated nanocomposite electrodes. After 1,000 charge and discharge cycles, 

nanocomposite electrodes retained 84% of their initial capacitance. Upon 

nanocomposite formation, a 3% decrease in specific capacitance was observed, while 

Coulombic efficiency and capacitance retention was found to increase by 8% and 

4%, respectively. 

As can be seen here, the addition of h-BN as an active material to MoS2-

based electrodes improved the Coulombic efficiency and capacitance retention 

performances in the supercapacitor devices. However, the insulator nature of h-BN 

caused a reduction in the specific capacitance and this prevents h-BN/MoS2 

nanocomposite from being a promising electrode material for supercapacitors. 

Therefore, in Chapter 7, the use of h-BN as a separator material instead of an 

electrode material for supercapacitors is proposed. 
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CHAPTER 7  

7 Ti3C2Tx FLEXIBLE SUPERCAPACITOR WITH A HEXAGONAL BORON 

NITRIDE SEPARATOR DEPOSITED BY SPRAY COATING 

7.1 Introduction 

The use of mobile electronic devices has increased significantly in recent 

years, and the energy demand for these devices increased in parallel. Storage of a 

sufficient amount of energy within a unit directly attached to the mobile device is 

the most practical and efficient method to fulfill this demand. Here the compatibility 

of the energy storage unit and the device is quite important. It is expected that the 

demand for foldable or wearable electronic devices will increase in the forthcoming 

years, which must be followed by the development of flexible energy storage units. 

On the other hand, the weight and the volume of mobile electronic devices are crucial 

in obtaining ergonomic and low energy consuming products. Lighter and smaller 

mobile devices are more attractive for users. In order to meet these requirements in 

the electrochemical energy storage field, considerable amount of effort has been 

spent on electrode active materials, since they directly affect the performance of the 

devices. However, other device components such as separators, current collectors, 

binders and conductive additives are just as important as electrode active materials. 

Therefore, these components should be taken into consideration when designing 

electrochemical energy storage devices with high efficiency [160]. 

Following the discovery of the first two-dimensional (2D) titanium carbide 

(Ti3C2Tx) in 2011, a new family of 2D transition metal carbides and nitrides named 

MXenes emerged [161,162]. Since then, the MXene family has grown quickly and 

continuously. MXenes have a general formula of Mn+1XnTx, where M is an early 

transition metal, X stands for carbon or nitrogen, and n equals to 1–4 [163,164]. Tx 

represents the surface termination groups such as =O, -OH, -F, and -Cl on the MXene 



 

 

118 

surface [165,166]. Electrochemical characteristics of MXenes have been widely 

investigated because of their promising chemical and physical properties such as 

redox-active abundant surface groups, high electrical conductivity (up to 20,000 

S/cm) [167], rapid ion transport allowed by 2D nature, and facile cation intercalation 

[168]. More than a quarter of all MXene-based publications to date are related to 

electrochemical energy storage applications, and Ti3C2Tx is the most studied MXene 

among others due to its high specific capacitance along with high rate capability 

[169]. Benefiting from the fast surface redox reactions in an acidic electrolyte, a 

Ti3C2Tx hydrogel showed an ultra-high volumetric capacitance of 1500 F/cm3, and a 

macroporous Ti3C2Tx electrode displayed an excellent rate capability at a scan rate 

of 100 V/s [170]. Strong surface redox in Ti3C2Tx is also observed with organic 

electrolytes [171] and water-in-salt electrolytes [172], allowing Ti3C2Tx to deliver a 

high capacitance under a large potential window. 

In recent years, miniaturized energy storage devices have attracted much 

attention in mobile and wearable electronics. Long lifetime and high-power density 

of miniaturized electrochemical capacitors (microsupercapacitors) are highly 

promising for the microelectronics industry. Choice of electrode materials directly 

affects the final properties of the microsupercapacitors. Recently, MXenes have 

shown significant potential in advanced microsupercapacitors with high energy and 

power densities which do not require metal current collectors [173]. Peng et al. [174] 

developed all-MXene (Ti3C2Tx) solid-state interdigitated microsupercapacitors 

fabricated via spray coating, followed by direct laser cutting. The spray-coated 

Ti3C2Tx was used as both the electrodes and the current collectors in the devices. The 

all-MXene supercapacitors showed a much lower contact resistance, higher 

capacitances, and better rate capabilities compared to Ti3C2Tx microsupercapacitors 

containing platinum current collectors. The fabricated devices showed 27 mF/cm2 

areal capacitance and 357 F/cm3 volumetric capacitance at a scan rate of 20 mV/s. 

After 10,000 cycles at a scan rate of 50 mV/s, the devices retained almost all of their 

capacitance, which means excellent cyclic stability. Zhang et al. [175]. fabricated a 

full inkjet printed MXene microsupercapacitor by employing an AlOx-coated 
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polyethylene terephthalate (PET) substrate. Following printing, no stain residue was 

observed on the substrate, and the print was stable upon scotch tape test. The 

fabricated microsupercapacitor device showed a significant volumetric capacitance 

of 562 F/cm3 and a high energy density of 0.32 μWh/cm2. 

h-BN nanosheets, also known as ‘white graphene’ or ‘non-carbon graphene’, 

are composed of alternating boron and nitrogen atoms in a hexagonal order. High 

specific surface area, high chemical, mechanical and thermal stability of the 2D h-

BN nanosheets are attractive for many applications such as polymer matrix 

composites [176], sorbents [177], blue light, and ultraviolet emitters [178]. 

Moreover, the large bandgap and prominent ionic conductivity makes h-BN a highly 

promising separator in energy storage devices [151]. Gilshteyn et al. developed 

stretchable supercapacitors with single-walled carbon nanotube thin film electrodes 

and h-BN nanotube separators [179]. The spray coating method was used for the 

fabrication. In the two-electrode configuration, the device showed a capacitance 

retention of 96% after 20,000 charge/discharge cycles. In addition, a specific 

capacitance of 82 F/g and low series resistance of 4.6 Ω were reported for the 

fabricated devices. Byun et al. fabricated boron nitride/reduced graphene oxide (h-

BN/rGO) hybrid films with alternately stacked layers [159]. h-BN provided proton 

channels to the rGO film and also enhanced the mechanical stability of the membrane 

in the formed van der Waals heterostructure. A high volumetric capacitance of 242 

F/cm3 was obtained at a scan rate of 10 mV/s using a 6 M KOH electrolyte. In 

addition, after 10,000 charge/discharge cycles, the h-BN/rGO supercapacitor device 

retained 99% of its initial capacitance. Recently Yang et al. fabricated Ti3C2Tx/h-

BN/Ti3C2Tx (THT) integrated supercapacitor devices using freeze-tape casting 

method [180]. In their study, Ti3C2Tx layers served as symmetric electrodes, while 

h-BN layer was used as the separator. A calendaring process was applied to the THT 

stack to obtain a final thickness of 110 μm for the electrode-separator stack of the 

device. The device delivered a volumetric capacitance of 18.2 F/cm3 at a scan rate 

50 mV/s. 
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The method to fabricate microsupercapacitors depend on the type of 

substrates, and full-cell devices can be produced in planar interdigitated or stacked 

configurations [6]. In the planar interdigitated configuration, a current collector is 

typically patterned on an insulating substrate. However, it may not be necessary as 

in the case of highly conductive MXene-based electrodes. Subsequently, negative 

and positive electrodes are formed next to each other on the current collector [181]. 

For the planar interdigitated design, the critical point is to avoid shorting the negative 

and positive electrodes while forming the electrode material locally onto the 

microsized patterns [182]. In addition to this, the fabrication technique for the 

formation of the interdigitated structure has to be compatible with the ones used in 

the semiconductor industry to ensure the integration of the microsupercapacitors 

with other electronic units [183]. To pattern the planar designs; inkjet printing, laser 

scribing, and electrophoretic deposition techniques have been used. The limitation 

of these techniques is the obtainment of devices with low areal capacitance. In order 

to overcome this limitation, thick electrodes could be formed by using other 

techniques such as 3D printing. Meanwhile, stacked designs necessitate the use of 

simple and low-cost deposition techniques such as spray coating, doctor blading, or 

tape casting. Stacked configuration needs deposition of the necessary 

microsupercapacitor components on top of each other, making spray coating one of 

the most efficient and practical methods to form such structures. In addition, 

homogeneous and durable coating of 2D materials, such as MXenes and h-BN, can 

be achieved thanks to the proper alignment of the flakes during spray coating 

process. 

In this study, h-BN separator layers were used in Ti3C2Tx symmetric 

microsupercapacitor devices. All device layers were deposited through spray coating 

technique adhering to stacked design configuration. The cell was assembled directly 

following the deposition process without additional steps, avoiding the patterning 

procedures applied in planar interdigitated configuration. The final stacked 

microsupercapacitor device had an overall thickness of only 1.5 μm excluding the 

thickness of PET substrates. The device showed a volumetric capacitance of 284.3 
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F/cm3 at 50 mV/s scan rate. The effect of h-BN separator thickness on the 

electrochemical properties including specific capacitance, series resistances, and 

capacitance retention was investigated in detail. 

7.2 Experimental 

Ti3C2Tx and h-BN were produced following the procedures described in 

references [167] and [178], respectively. The flake sizes of Ti3C2Tx and h-BN are 

100-200 nm and 265 nm in diameter, respectively. All other chemicals were 

purchased from Sigma Aldrich and used without further purification. 

Environmentally friendly water-based ink was prepared by dispersing delaminated 

Ti3C2Tx in DI water and used for spray coating.  

Spray coating of Ti3C2Tx: A 10 cm x 5 cm rectangular pieces of PET was 

used as the flexible substrate. Prior to the deposition of device layers, substrates were 

sonicated in ethanol and DI water for 10 minutes each, dried with compressed air, 

and then cleaned by oxygen plasma to remove organic contaminations and increase 

the hydrophilicity of the surface. Plasma cleaning (Tergeo Plus Plasma Cleaner, PIE 

Scientific) was carried out for 5 min (4 sccm O2 gas flow and 50 W power). 

Following the plasma cleaning procedure, the chamber was purged by Ar gas. 10 ml 

of Ti3C2Tx water dispersion with a concentration of 10 mg/ml was transferred to the 

spray gun, and the coating was carried out under constant airflow. After coating and 

drying, a mass loading of 0.54 mg/cm2 was determined by calculating the difference 

between the initial and final weights of the substrate. Afterwards, pieces of Ti3C2Tx 

coated PET substrates (0.4 cm x 2.8 cm) were cut for h-BN deposition and electrode 

preparation.  

Spray coating of h-BN: The concentration of the h-BN water dispersion was 

8.3 mg/ml. 30 wt.% of the dispersed material was PVA, as the addition of PVA can 

improve the mechanical durability of the thin film. 1, 2, and 4 ml h-BN dispersions 

were sprayed onto Ti3C2Tx coated PET substrates in order to determine the optimum 



 

 

122 

thickness of the h-BN layer. After spraying, the electrodes were kept in a vacuum 

oven overnight for complete drying.   

Device assembly: Symmetric devices were fabricated. For this purpose, one 

piece of Ti3C2Tx deposited PET substrate was used as one of the electrodes of the 

device, and h-BN and Ti3C2Tx deposited PET substrate was used as the other 

electrode. The stacked electrodes were sandwiched between neat PET films with 

acrylic tapes. Graphite papers were used as current collectors by attaching to the 

device. Lastly, a 1 M lithium sulfate (Li2SO4) electrolyte was injected into the device 

using a needle and syringe. In addition, a control sample was prepared using identical 

preparation steps and utilizing a Celgard 3501 separator.  

XRD analysis: XRD measurements were performed on a Rigaku D/Max-

2000 pc diffractometer using Cu Kα (wavelength: 1.5406 Å) X-ray beam at 40 kV 

and 30 mA, with a step scan of 0.02°, a 2θ range of 3° to 90°, and a step rate of 

1°/min.  

SEM analysis: SEM analysis was carried out with a Zeiss Supra 50VP 

instrument at an accelerating voltage of 5 kV in the InLens mode. 

Optical microscopy: In order to determine the evenness and homogeneity of 

the coatings, the samples were examined under Keyence Laser Microscope optical 

profilometer.  

Electrochemical analysis: For the electrochemical tests of the 

supercapacitor devices, a Biologic VMP3 potentiostat/galvanostat system was used. 

The specific capacitance and cell capacitance values were calculated using 

the formula below:  

𝐶𝑠𝑝 =
2

𝑚(𝑉2 − 𝑉1)
∫ 𝑖(𝑉)𝑑𝑡

𝑡(𝑉2)

𝑡=0(𝑉1)

     (7.1) 

,where i (A) is the measured current, m (g) is the mass of total active material in both 

electrodes or the total mass of the stacking (both electrodes and the separator), V1 
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(V) and V2 (V) are the initial and final voltage values within the voltage window, and 

t (s) is the time.   

Gravimetric energy density, areal energy density, volumetric energy density, 

and volumetric power density values were calculated using the formulas below, 

respectively: 

𝐸𝐺 =
𝐶 × 𝑉2

2 × 𝑚
, 𝐸𝐴 =

𝐶 × 𝑉2

2 × 𝐴
, 𝐸𝑉 =

𝐶 × 𝑉2

2 × 𝜗
, 𝑃𝑉 =

𝐸𝑉

𝑡
     (7.2) 

,where C (F) is the capacitance of the cell, V is the voltage window, m is the total 

mass of the electrodes or stacking, A (cm2) is the contact area of the electrodes, ν 

(cm3) is the total volume of the electrodes and the separator layer, and t is the 

discharge time.  

7.3 Results and Discussion 

The fabrication process of the Ti3C2Tx-h-BN microsupercapacitor is 

illustrated in Figure 7.1 (a). Two identical Ti3C2Tx coated PET substrates were 

prepared by spray coating of Ti3C2Tx water dispersion. Then, one of the Ti3C2Tx 

coated PET was further spray-coated with h-BN layer. The two electrode films were 

assembled face to face into a device, which can be tested in a flat or bent form. Figure 

7.1 (b) provides XRD patterns of Ti3C2Tx coated PET and both Ti3C2Tx and h-BN 

coated PET substrates. The XRD shows the signature peaks of PET substrate at 23° 

and 26° in both films. h-BN peak located at 26°, overlaps with one of the peaks of 

PET (JCPDS No. 34-0421). In both diffraction patterns, the characteristic peaks of 

Ti3C2Tx (00l) are observed at 8°, 18°, 26°, 36° and 44°. The d-spacing of Ti3C2Tx 

MXene was derived from the 002 peak [184,185]. It was calculated to be 10.99 Å, 

which is similar to the d-spacing of delaminated Ti3C2Tx MXene film [184]. After 

the h-BN coating, the d-spacing value only slightly changed to 10.77 Å. This 

indicated that the h-BN spray coating process did not destroy the layered structure 

of the underlying Ti3C2Tx coated onto PET. 
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Figure 7.1. (a) Schematic illustration of the fabrication steps of a supercapacitor 

device with spray-coated h-BN as the separator, (b) XRD patterns of the electrodes 

before (black) and after (red) h-BN coating on Ti3C2Tx, (c) top view SEM image of 

h-BN coating with PVA and (d) cross-sectional SEM image of h-BN layer 

sandwiched in-between two layers of Ti3C2Tx MXenes. 

Figure 7.1 (c) shows the top view SEM image of the h-BN coating, 

demonstrating that h-BN completely covered the surface of the Ti3C2Tx electrode. A 

conductivity measurement was performed by a multimeter on several points of the 

h-BN coated film, ensuring that the h-BN was able to isolate the surface of the 

Ti3C2Tx electrode as a separator. Moreover, the minimum thickness of h-BN that can 

achieve a homogeneous and isolative coating on Ti3C2Tx was estimated to be 300 

nm. Figure A.1 (a) shows the top-view SEM image of h-BN coating without PVA. 
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The coating of h-BN sheets without PVA was not uniform on the surface of the 

substrate compared to that with PVA. As shown in Figure 7.1 (c), the deposition of 

h-BN with PVA resulted in a high homogeneous film across the whole surface. 

Besides, the PVA assisted h-BN bond to the substrate more effectively and increased 

the durability of the separator upon electrolyte exposure. A cross-sectional SEM 

image of h-BN separator sandwiched between two Ti3C2Tx layers is provided in 

Figure 7.1 (d). The edge between the Ti3C2Tx layers and h-BN layer can be clearly 

distinguished, indicating successful separation of two Ti3C2Tx layers. The image 

shows the h-BN thickness of 5 µm, which corresponds to a mass loading of 0.6 

mg/cm2. The mass loading of h-BN was determined by calculating the mass 

difference before and after the coating. In order to examine the films in more detail 

an optical profilometer is used, and 3D images of Ti3C2Tx and h-BN coatings 

obtained with the help of this device are provided in Figure A.1 (b) and (c), 

respectively. 3D optical profilometer images proved that the spray coating procedure 

resulted in deposition of homogeneous Ti3C2Tx and h-BN layers. 

1, 2, and 4 ml of h-BN water dispersions (8.3 mg/ml) were spray-coated onto 

the Ti3C2Tx film, which are denoted as 1/h-BN, 2/h-BN, and 4/h-BN, respectively. 

The thicknesses of 1/h-BN, 2/h-BN and 4/h-BN coatings were estimated to be 300 

nm, 600 nm and 1200 nm, respectively. In determination of the thicknesses, the ratio 

between mass loading and film thickness derived from Figure 7.1 (d) was used. The 

summary of the relationship between mass loading, sprayed h-BN dispersion 

amount, and film thickness for all samples is given in Figure A.1 (d). Two-electrode 

configuration was used to measure the electrochemical properties of the fabricated 

microsupercapacitor devices with h-BN separator. Meanwhile, the typical Celgard 

separator was used in a control cell, and this cell with Celgard separator was denoted 

as CCS. Figure 7.2 (a) shows the CV curves of the 1/h-BN, 2/h-BN, 4/h-BN, and 

CCS. The area of the CV curve of 1/h-BN is larger than that of 2/h-BN, 4/h-BN, and 

CCS, indicating its higher specific capacitance among tested devices. The lower 

capacitance of Ti3C2Tx in the cells with a thicker h-BN coating (2/h-BN and 4/h-BN) 

should be caused by the larger resistance through the whole cell. 



 

 

126 

 

Figure 7.2. (a) Comparison of CV curves of 1/h-BN, 2/h-BN, 4/h-BN and CCS, (b) 

CV curves of 1/h-BN at scan rates from 2 to 1,000 mV/s, (c) GCD curves of 1/h-

BN, 2/h-BN,4/h-BN and CCS at 0.2 A/g, and (d) Nyquist plot of 1/h-BN, 2/h-BN, 

4/h-BN and CCS cells. Inset shows the high-frequency region. 

The specific capacitances of the cells, which were calculated based only on 

the weights of the electrode materials, are 92.7, 63.3, 36.4, and 73.5 F/g at a scan 

rate of 2 mV/s for 1/h-BN, 2/h-BN, 4/h-BN, and CCS, respectively. However, 

practically, the presence of the separator also contributes to the overall mass/volume 

of the cell. Therefore, the specific capacitance of full-cells, including the mass of 

both the electrodes and the separator, were also evaluated and shown in Figure A.2 

(a). These capacitance values were referred to as cell capacitances. The cell 

capacitances were then calculated to be 89.7, 60.4, and 32.3 F/g (or 725.6, 451.6, 

and 178.1 F/cm3) for 1/h-BN, 2/h-BN, and 4/h-BN, respectively at a scan rate of 2 
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mV/s. Meanwhile, the cell capacitance of CCS at 2 mV/s is 24.3 F/g (30.4 F/cm3). 

The much lower cell capacitance of CCS cell was due to the much larger weight and 

volume of the Celgard compared to the thin h-BN separators. This clearly 

demonstrated that using thin and light-weight separators is highly crucial to increase 

the overall capacitance of the practical cells. 

The rate capabilities of the cells with h-BN and Celgard separators were 

evaluated at different scan rates from 2 to 1,000 mV/s. CVs of 1/h-BN at different 

scan rates are shown in Figure 7.2 (b). The 1/h-BN retained its pseudo-rectangular 

CV shape even at a high scan rate of 1,000 mV/s. The capacitances at different scan 

rates are given in Figure A.2 (b). CCS had the lowest cell capacitance at different 

scan rates, while 1/h-BN showed the highest values at each scan rate. Specifically, 

1/h-BN delivered a specific capacitance of 92.7 F/g at a scan rate of 2 mV/s and 

retained about 40% of its performance at 50 mV/s. Increased h-BN thickness lowered 

the rate capability, which was attributed to the longer ion transport paths through the 

h-BN separator in higher thicknesses.  

Galvanostatic charge/discharge (GCD) curves of the cells at a current density 

of 0.2 A/g are provided in Figure 7.2 (c). Again, 1/h-BN showed higher capacitance 

compared to CCS and other h-BN coatings. Figure A.2 (c) shows GCD curves of 

1/h-BN recorded at different current densities. It can be observed that 1/h-BN 

retained its symmetrical triangle GCD shape for all current densities indicating its 

high Coulombic efficiency. The detailed Coulombic efficiencies for different h-BN 

thicknesses are shown in Figure A.2 (d) at different current densities ranging from 

0.2 A/g to 1 A/g. 1/h-BN along with 2/h-BN exhibited higher Coulombic efficiencies 

than 4/h-BN and CCS for all current densities. Especially, the Coulombic efficiency 

of 1/h-BN was larger than 99% for the current densities higher than 0.4 A/g. 

Figure 7.2 (d) shows the Nyquist plot obtained through EIS measurements. 

The test was carried out under an AC perturbation of 10 mV and in a frequency range 

of 300 kHz to 10 mHz. All samples had nearly vertical Nyquist plots at low 

frequencies, which signified a combined capacitive and diffusion-controlled process. 
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The difference between the samples became prominent in the high-frequency region 

presented in the inset of the Figure 7.2 (d). 1/h-BN showed a lower series resistance 

than all other samples, including CCS. With increasing h-BN separator thickness, 

the series resistance was found to increase. The series resistance of 4/h-BN was 

higher than that of CCS. The straight line with a -45° angle in the mid-frequency 

region of the Nyquist plot represents Warburg resistance related to the ionic 

diffusion. Warburg resistance is directly proportional with the slope of the linear fit 

of real part of impedance (Z’) versus frequency to the power of -0.5 (ω−1/2) within 

the frequency range of Warburg resistance [186]. As shown in Figure A.3 (a), h-BN 

separators showed a steeper slope than CCS, indicating that ion diffusivity was lower 

in the h-BN separators than Celgard. However, the ultra-thin coating of h-BN 

reduced the diffusion length significantly, leading to a higher rate capability 

especially in 1/h-BN. 

The schematic provided in Figure 7.3 (a) illustrates that the volume of the 

cell was significantly reduced when a 25 μm thick 3501 Celgard separator was 

replaced by a 300 nm thick h-BN (1/h-BN). The volumetric energy and power 

density of the cells, calculated by including the volume of the separator, are provided 

in a Ragone plot (Figure 7.3 (b)). 1/h-BN showed the highest energy and power 

densities among all samples. When compared to CCS, 1/h-BN showed 25 times 

higher energy density and 20 times higher power density at a current density of 0.2 

A/g. In addition, 1/h-BN was compared with some prototype/commercialized energy 

storage devices, and it showed higher performance in both energy and power density 

values [171,187]. On the other hand, gravimetric, areal, and volumetric energy 

densities of the samples at different scan rates are given in Figure A.3 (b), (c), and 

(d), respectively. 1/h-BN cell showed 3.7 times higher gravimetric, 1.2 times higher 

areal, and 23.9 times higher volumetric energy density compared to CCS at a scan 

rate of 2 mV/s. This enhancement is assigned to the low weight and volume of 1/h-

BN. 
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Figure 7.3. (a) Schematic illustration of saved volume upon the use of thin h-BN 

separator instead of the Celgard separator, (b) Ragone plot for 1/h-BN, 2/h-BN, 

4/h-BN, CCS and some prototype/commercialized devices [171,187], (c) CV 

curves of flat (black) and 60° bent (red) 1/h-BN devices, and (d) capacitance 

retention tests for the devices. Inset shows the last 30 cycles of the capacitance 

retention test. 

The performance of 1/h-BN cell was also evaluated under bending conditions 

to demonstrate the flexibility of the cell. The CV curves of the cell with and without 

bending are shown in Figure 7.3 (c). At a scan rate of 2 mV/s, the performance of 

the device remained almost the same upon 60° bending. At 20 mV/s, the performance 

of 60° bent device was also comparable with the flat one (Figure A.4 (a)). 

Photographs of the fabricated flexible device showing its electrochemical setup and 

flexible structure can be seen in Figure A.4 (b) and (c), respectively.  
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The cycling stability of all cells was tested through 1,500 charge/discharge 

cycles. As shown in Figure 7.3 (d), 1/h-BN showed the highest capacitance retention 

of around 97%. Not only 1/h-BN but also 2/h-BN and 4/h-BN had higher capacitance 

retention performances than CCS. This is attributed to the higher Coulombic 

efficiencies of the cells with h-BN separator compared to CCS (Figure A.2 (d)). The 

cells reached their maximum capacitance after a certain number of cycles. This can 

be attributed to the wetting of electrodes and separator upon initial cycles. 

Meanwhile, the Coulombic efficiency of all samples was monitored during 1,500 

charge/discharge cycles (Figure A.4 (d)). All the cells retained their Coulombic 

efficiencies at above 99% after 1,500 cycles (inset in Figure A.4 (d)). 

7.4 Conclusions 

In this study, the use of thin-film h-BN as an efficient separator layer in 

symmetric supercapacitors has been demonstrated. In these devices, Ti3C2Tx was 

used as electrode active material. The spray coating technique was used to deposit 

both h-BN and Ti3C2Tx layers on PET substrates. Fabricated supercapacitors showed 

improved electrochemical performance in 1 M Li2SO4 electrolyte.  The reduced 

thickness of the separator decreased the volume of the full-cell, significantly 

increasing the energy and power densities. The device with a 300 nm thick h-BN 

separator outperformed the control device with the Celgard separator in Coulombic 

efficiency, series resistance, and capacitance retention. The low weight of h-BN 

separator compared to Celgard provided obtaining higher specific capacitance. In 

addition, the device with h-BN separator retained its high performance in the bending 

test. As a result, the Ti3C2Tx MXene symmetric supercapacitor device with thin-film 

h-BN separator layer showed promising performance for flexible energy storage 

applications.
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CHAPTER 8  

8 CONCLUSIONS, RECOMMENDATIONS AND INFERENCES 

8.1 Summative Conclusions 

In this thesis, it is aimed to develop nanocomposite supercapacitor electrodes. 

For this purpose, six different nanocomposites are prepared and investigated in six 

separate studies. The brief summaries and the conclusions of the studies are as 

follows: 

Chapter 2: In this work aluminum foils are coated with VACNTs using CVD 

technique. This is followed by the coating of PANI on the VACNT layer. A facile 

and inexpensive technique for the production of nanocomposite supercapacitor 

devices is designed. Electrochemical properties of the produced nanocomposite 

electrodes are investigated via CV, GCD and EIS tests. Produced VACNT/PANI 

nanocomposite electrodes with 15 coating cycles exhibits remarkable 

electrochemical performance. The specific capacity of nanocomposite electrodes is 

determined as 16.17 mF/cm2 at a current density of 0.25 mA/cm2. 

Chapter 3: EG/PPy nanocomposites are employed for the production of highly 

flexible paper-based supercapacitors. Brush-painted EG papers are used as substrates 

for the coating of PPy. The prepared nanocomposite electrodes have the effective 

material loading. Produced paper-based electrodes do not contain conductive 

additives, current collectors, and heavy binders. In nanocomposite electrodes, EG 

layer on paper contributes to the charge transfer and homogeneous PPy layer on the 

surface of the electrode enhances capacitance thanks to its pseudocapacitive 

behavior. Produced nanocomposite electrodes are quite flexible, with the help of 

notable mechanical integrity of EG, PPy and paper substrate. A specific capacitance 

of 177.8 F/g, along with a capacitance retention of more than 94.9% is determined 

upon 5,000 cycles. With the facile production and notable electrochemical 
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performance observed, produced paper-based nanocomposite supercapacitors are 

suitable to use as power units in flexible electronic devices. 

Chapter 4: CNF-MnO2 nanocomposite supercapacitor electrodes are fabricated. 

While CNFs are synthesized via ICP using ethanol precursor, MnO2 is produced by 

a simple wet chemical method. Electrochemical properties of CNF-MnO2 

nanocomposite electrodes are determined and compared to that of bare components. 

The CNF-MnO2 nanocomposite electrode shows a specific capacitance of 220.38 

F/g at a current density of 0.1 A/g. The Coulombic efficiency and the capacitance 

retention of the CNF-MnO2 nanocomposite electrodes are found to be 23% and 18% 

higher than those of bare MnO2 electrodes, respectively. 

Chapter 5: The production and electrochemical characterization of nanocomposite 

aerogel supercapacitor electrodes consisting of MoS2 nanosheets and rGO attached 

to nickel foams are studied. GO is synthesized through Tour method. rGO aerogel is 

obtained from GO dispersion via solvothermal method followed by freeze-drying 

and thermal reduction. For the production of nanocomposite electrodes, prepared 

rGO aerogels are simply attached onto nickel foams by applying pressure. Then 

exfoliated MoS2 nanosheets are drop-casted onto the rGO aerogels. Electrochemical 

characteristics such as Csp and capacitance retention of the produced nanocomposite 

electrodes are investigated using CV, GCD and EIS in two-electrode cells. Results 

of the tests are compared to that of control samples prepared by pressing only neat 

rGO aerogel onto nickel foam substrates. Prepared nanocomposite supercapacitor 

electrodes exhibit promising performances in 6 M KOH electrolyte with a specific 

capacitance of 67.5 mF/cm2 at 2 mA/cm2. A Coulombic efficiency of 87% is 

observed for the fabricated electrodes. Upon 3,000 charge and discharge cycles, Csp 

of the nanocomposite electrodes diminishes to 81% of its initial capacitance value. 

Chapter 6: In this work, 2D h-BN/MoS2 nanocomposite electrodes are fabricated 

through solution phase synthesis technique and their electrochemical properties are 

examined. Before the fabrication of the electrodes both h-BN and MoS2 are 

exfoliated using practical methods. Electrochemical characteristics such as Csp and 
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capacitance retention of the prepared nanocomposite electrodes are evaluated via 

CV, GCD and EIS in two-electrode configuration. Results are compared to that of 

the control sample produced from neat MoS2 nanosheets. Prepared supercapacitor 

electrodes have notable specific capacitances exceeding 40 F/g. 

Chapter 7: In this work, the use of h-BN as an efficient separator in symmetric 

Ti3C2Tx MXene supercapacitors is investigated. The spray coating method is used to 

deposit both h-BN and Ti3C2Tx layers on PET substrate adhering to stacked 

microsupercapacitor design without any interdigitated patterns. The total thickness 

of the symmetric Ti3C2Tx device with the h-BN separator is about 20 times thinner 

than the device with the commercial Celgard separator, which significantly increases 

the volumetric energy density. The increased energy density and facile fabrication 

procedure make the Ti3C2Tx MXene symmetric supercapacitor devices with thin-

film h-BN separator promising energy storage units in flexible and wearable 

electronic devices. 

8.2 Future Recommendations 

All of these conclusions provide quite a valuable perspective about the 

nanocomposite supercapacitors mentioned in this thesis. On the other hand, also 

some recommendations for future work can be given as follows: 

Chapter 2: Specific capacitance is directly proportional to specific surface area in 

supercapacitors. Increasing the thickness of the VACNT layer may improve the 

specific surface area and thus the specific capacitance of the nanocomposite 

supercapacitor. 

Chapter 3: A more systematic coating method such as ultrasonic spray pyrolysis 

may be used for the deposition of expanded graphite to obtain more reproducible 

results. 

Chapter 4: The morphology of MnO2 nanoparticles changes with different crystal 

structures. The effects of other crystal structures of MnO2 different from α-MnO2 
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nanospheres, such as δ-MnO2 nanosheets, on the nanocomposite supercapacitors 

may be examined.   

Chapter 5: The active materials may be deposited onto a flexible substrate instead 

of nickel foam to obtain supercapacitor devices with extra functionalities.  

Chapter 6: h-BN nanosheets may be synthesized by easier methods such as shear 

exfoliation instead of ball milling. 

Chapter 7: In asymmetric supercapacitors, Ti3C2Tx is very attractive as a negative 

electrode along with appropriate positive electrodes such as MnO2. The performance 

of h-BN/PVA nanocomposite separator may be examined in a Ti3C2Tx/MnO2 

asymmetric supercapacitor device. 

8.3 General Inferences 

At the end of this thesis study, the following sights are put forward about the 

questions asked in the section of dissertation objectives. 

• To what extent it is possible to develop nanocomposite supercapacitors 

without compromising the superior properties of the individual materials? 

First of all, it is obvious that transferring all properties of the individual 

materials to the composites with 100% efficiency is impossible in all application 

areas of materials science. This case, of course, is also valid for supercapacitors. Yet, 

approaching 100% efficiency is the ultimate goal in every field. In the light of results 

obtained from the research conducted during this thesis study, it is concluded that 

supercapacitors benefit quite efficiently from the formation of composites. This is 

because two main types of supercapacitors, EDLCs and pseudocapacitors, store 

charges through two different storage mechanisms. Therefore, generally, pure 

materials do not suppress the properties of each other. This once more proves the 

importance of material selection in the formation of composite supercapacitor 

electrodes.  
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• What are the contributions of nanocomposites to low energy density, which 

is the biggest problem for supercapacitors to approach batteries? 

Batteries are clearly dominating the energy storage products market. They 

are widely used in different application areas, from portable devices to electric 

vehicles. On the other hand, the use of commercial supercapacitors is generally 

limited in the fields demanding high power density. Since commercial 

supercapacitors are mostly based on EDLC-type carbonaceous materials, their 

energy densities are quite low. In this thesis study, it is understood that the formation 

of EDLC-pseudocapacitor composites can significantly improve the supercapacitors' 

energy densities and bring supercapacitors closer to batteries in terms of energy 

density. Here, however, the high costs of the pseudocapacitors start to be a problem 

and this problem prevents EDLC-pseudocapacitor composite from being widely 

commercialized. If new techniques can be developed to synthesize pseudocapacitors 

or cheap alternatives of expensive pseudocapacitors are discovered, we may see 

more composite supercapacitors competing with batteries in the coming years. 

• What can nanocomposites bring in supercapacitors within today’s hot topics 

such as long cycle life, flexibility, and environmentally friendly devices? 

Today, expectations from electronic devices have changed significantly. For 

example, in the past, energy storage devices with relatively high energy density 

values were sufficient to get commercialized. However, nowadays, in addition to 

high energy density, many other functionalities are demanded. With developing 

technology, the time spent with mobile devices has increased notably and consumers 

have started to charge their devices more in their daily routine. This raises the need 

for devices with long cycle life. Composite formation improves the Coulombic 

efficiency and can solve supercapacitors’ low cycle life problems. Similarly, the 

‘Internet of Things’ concept became popular in recent years and many objects, 

including clothes and wearable accessories, started to require energy. Especially 

wearable technologies need flexible energy storage devices. Composites prepared by 

adding some reinforcement materials to active materials can improve the mechanical 
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properties of the energy storage devices and thus, they can withstand repeating 

bending conditions. On the other hand, industrialization without control causes 

environmental problems. Therefore, environmentally friendly solutions attract 

plenty of attention in every field of materials science. Some materials may show high 

performance as an active energy storage material, but at the same time, they may be 

quite hazardous to the environment. In such cases, the use of environmentally 

friendly materials in the form of composites can compete with toxic materials. 

In this thesis study, it was observed that the nanocomposites improved the 

properties of supercapacitors exemplified above and several other unmentioned 

properties. As the last word, it should be stated that nanocomposites are quite 

efficient materials to improve the properties of supercapacitors and it is believed that 

many more studies will be conducted in this area in the coming years.  
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APPENDICES 

A. Supporting Information for Chapter 7 

 

Figure A.1. (a) Top-view SEM image of h-BN coating without PVA, (b) 3D image 

of Ti3C2Tx film, c) 3D image of h-BN film, and (d) h-BN dispersion amount versus 

mass loading and thickness data of the coatings. 
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Figure A.2. (a) Cell capacitance comparison of the devices by CV test, (b) cell 

capacitance versus scan rate data of the devices, (c) GCD curves of 1/h-BN at 

different current densities, and (d) Coulombic efficiency versus current density data 

of the devices. 
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Figure A.3. (a) Linear fit demonstrating the relationship between the real part of 

impedance (Z’) and frequency to the power of -0.5 (ω−1/2) in the Warburg region, 

(b) gravimetric energy density versus scan rate, (c) areal energy density versus scan 

rate, and (d) volumetric energy density versus scan rate data of the devices. 
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Figure A.4. (a) CV curves of flat and 60° bent forms of 1/h-BN at 20 mV/s, (b) 

photograph of a flexible device while testing, (c) photograph of the same flexible 

device when bent by hand, and (d) Coulombic efficiency versus cycle number data 

of the devices. 
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