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Abstract 

In this thesis, supercapacitor composite pallet electrodes had been prepared 

using different concentrations of carbon nanofibers and graphene 

nanoplateletes. The percentage weight of carbon nanofibers/ graphene 

nanoplateletes were changed from 90%/ 10% to 10%/ 90%, in steps of 

20%. 

Electrochemical characterization had been characterized by cyclic 

voltammetry, galvanostatic charge/ discharge and electrochemical 

impedance spectroscopy methods in 1M KOH aqueous electrolyte. 

The specific capacitance was found to increase with increasing graphene 

nanoplateletes, which was increased from 47.0 to 119.7     as graphene 

nanoplateletes increased from 10 to 90% weight at scan rate 5      by 

cyclic voltammetry method. 

The power and energy densities were evaluated from galvanostatic charge/ 

discharge method. Power and energy densities were increased with 

increasing graphene nanoplateletes concentration up to 70% then decreased 

when weight of graphene nanoplateletes increased to 90 % weight; the 

power density increased from 528.33 to 1095.43     , then decreased to 
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956.97     . The energy density increased from 2.32 to 5.26      , then 

decreased to 5.05      . 

Finally, equivalent series resistance was calculated from electrochemical 

impedance spectroscopy, which was found to increase with increasing 

graphene nanoplateletes concentrations up to 70%, then increases when 

graphene nanoplateletes increased to 90% weight. The equivalent series 

resistance was found to decrease from 1.48 to 0.632 Ω, then increases to 

1.26 Ω as graphene nanoplateletes weight increases to 90%. 

The optimized composition in terms of best specific capacitance, power 

density, energy density and equivalent series resistance was 30%/ 70% of 

carbon nanofibers/ graphene nanoplateletes, which corresponds to 102.2 

   , 1095.43     , 5.26       and 0.632 Ω, respectively. 

The specific surface area, pore size distribution and morphology structure 

of the prepared composites had been investigated by Brunauer- Emmett- 

Teller, Barrett- Joyner- Halenda, Harkins- Jura methods and scanning 

electron microscope. 

It is found that the specific surface area increases with increasing graphene 

nanoplateletes concentrations. It was increased from 271.27 to 665.93 

     as graphene nanoplateletes changed from 10% to 90% weight. 

Total pore volume increases with increasing graphene nanoplateletes 

weight up to 70%, then it decreases as the concentration of graphene 
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nanoplateletes increases to 90%. The total pore volume increased from 1.22 

to 1.72      , then it decreased to 1.33      . 

Furthermore, micro, ultra- micro and mesopore volumes were found to 

increase by increasing graphene nanoplateletes concentrations from 10 to 

90%. Micropore volume increases from 0.023 to 0.08      , ultra- 

micropore volume increases from 0.023 to 0.28       and mesopore 

volume increases from 0.55 to 0.88       when graphene nanoplateletes 

increase from 10% to 90% weight, respectively. 

Finally, Macropore volume increases with increasing graphene 

nanoplateletes from 10% to 30%, which decreases from 0.64 to 0.29     

 , and then increases up to 70% weight of graphene nanoplateletes, which 

increases from 0.29 to 0.88      , then it decreases for graphene 

nanoplateletes 90% weight; 0.33      . 

The best structural characterization was found for 70% weight of graphene 

nanoplateletes, which has the highest total pore volume (1.72      ) and 

the highest macropore volume (0.88      ). Also, it has optimized higher 

specific surface area, micropore, ultra- micropore and mesopore volumes 

which was 528.52     , 0.0614      , 0.234       and 0.78      , 

respectively.
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Chapter One 

Introduction 

1.1: Review 

Nowadays, energy sources attract the attention of many investigators in the 

current researches. Fuel cells, batteries and conventional capacitors store 

energy which is used in devices and applications. However, substantial 

effort is being made towards finding and developing new storage energy 

devices which achieve high power density, high energy density and has 

long life cycle [1- 4]. Recently, supercapacitors (SCs), is considered as a 

new source of storing energy that fills the gap between conventional 

capacitors and batteries as shown in Ragone plot (figure 1.1) [5]. Ragone 

plot shows the relation between energy and power densities of the energy 

sources: Fuel cells, batteries, conventional capacitors and SCs. 

 

Fig. 1.1: Ragone plot 
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Batteries are electrochemical cells which store energy electrochemically by 

oxidation/reduction reaction (redox reaction). It consists of two electrodes 

with conductive electrolyte between them. Lithium-ion batteries are the 

best type of batteries which achieve high energy density (120- 170     ). 

The potential of the batteries during the charging process is constant so its 

energy density is high relative to the other energy sources (     , where 

Q is the charge density and V is the potential). However, its power density, 

charge/ discharge rate is very low due to the limited diffusion of the ions in 

the surface of the electrodes, and it is toxic due to chemical reaction          

[1, 6- 10].  

Fuel cells convert the chemical energy to electrical energy. This type of 

energy sources consists of a cathode, an anode and electrolyte. The used 

electrolyte could be aqueous electrolyte, polymer membrane and ceramic 

oxide. Fuel cells give the highest value of energy density above 500 

     . However, its power density is very low. One of the most popular 

fuel cell is the hydrogen proton exchange membrane (PEM) [6]. 

Conventional capacitors are electrostatic capacitors that store energy in the 

electric field which is established between the plates of the capacitor. Two 

conducting electrodes which are separated by dielectric layer typical in 

conventional capacitors. This type of capacitors can charge/discharge very 

quickly so it can achieve a very high power density (5000     ). But its 

energy density is very low which is in the range of (0.01 – 0.05      ), 
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because its potential is increasing linearly during charging process. So, its 

energy density is half the value of batteries (  
 

 
      [6, 7, 9]. 

SCs (called also ultracapcaitors), are electrochemical storage energy 

devices. Which lie in the range between conventional capacitors and 

batteries as shown in Figure 1.1. SCs have higher energy density relative to 

conventional capacitors, and higher power density relative to batteries. 

Also, SCs can reach full charge/discharge process in seconds. And it has a 

very long life cycle; it can repeat charge/discharge cycles up to 1 million 

times [9, 11- 14]. Table 1.1 [6] shows comparison between the properties 

of the three energy sources. 

For SC properties; it is promising to achieve high energy density while 

keeping the value of power density as high as possible, by enhancing the 

parameters affecting these properties. The performance of SC is controlled 

by increasing specific capacitance (CS), voltage window (operating 

voltage) and decreasing equivalent series resistance (ESR) [15- 17]. 

CS depends on the electrode materials which are used in SCs. Specific 

surface area (SSA), total pore volume (Vtot), wetting behavior of pores and 

pore size distribution (PSD) determine the dominant pores which give the 

highest contribution to performance of CS [15, 17, 18]. 
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Table (1.1): Comparison between energy sources 

Parameters 
Conventional 

capacitors 
Supercapacitors Batteries Fuel cells 

Charge/discharge 

time 
1 ps - 1 ms 1 ms - 1 s 1 - 10 hours 

Not 

applicable 

Life cycle (cycles) 
More than 1 

million 
Up to 1 million 150 – 2000 

Not 

applicable 

Energy density 

(     ) 
0.01- 0.3 0.5- 20 30- 265 500- 2000 

Power density 

(    ) 
> 5000 5000- 10000 100- 3000 1- 1000 

The International Union of Pure and Applied Chemistry (IUPAC) classify 

three types of pore size: macropores (50– 80 nm), mesopores (2– 50 nm) 

and micropores (less than 2 nm) [2, 3, 19] as shown in figure 1.2 [20]. 

 

Fig. 1.2: Schematic of types of pore size 

SC energy density is usually enhanced by increasing voltage window, 

which depends on SSA and PSD. Also, it depends on size of electrolyte 

ions, mobility, redistribution, arrangement of the ions and transporting ions 

through pores into surface electrode materials. Increasing SC power density 

can be established by, decreasing ESR of the SC as possible as we can     

[7, 9, 19]. 
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By optimizing the appropriate properties of materials and ion transporting 

electrolyte, the energy and power densities can then be optimized to be 

higher in their application in devices [1]. Therefore, SCs can be used in 

many industrial and engineering fields; such as electric vehicles, memory 

devices, automobile and smart clothes [1, 15, 18]. 

1.2: Components of SCs 

SCs consist of three essential components: two electrodes, electrolyte and 

separator [2, 17, 19] as shown in figure 1.3 [21]. Carbon and/or metal oxide 

materials are used as electrodes [6, 7, 17]. Aqueous or organic electrolyte 

can be used with separator between the electrodes [17, 19]. 

 

Fig. 1.3: Schematic representation of SCs 

 



6 

1.2.1: Electrodes 

The electrode is one of the important components of SCs which effect the 

electrochemical properties of SC [16]. Mass, thickness, porosity and type 

of electrode are factors that must be taken into consideration for choosing 

the best electrode, which can give high energy and power densities [16, 

18]. Carbon and/ or metal oxide materials and conducting polymers can be 

used as SC electrodes. Polymers are used for binding carbon particles 

together [3]. Such as poly(tetra-fluoroethylene) (PTFE), polyvynilidene 

chloride (PVDC) and polyvynilidene fluoride (PVDF) [3, 18]. However, if 

polymer ratio is increased, the capacitance decreases, because polymers 

block the pores, decrease micropores, mesopores and increase the external 

surface area around the pores which cause decrease the performance of SC. 

So, the amount of polymers should be optimized to be as low as possible 

[3, 22].  

1.2.1.1: Carbon materials 

Carbon materials are usually used as electrodes due to its low cost, 

abundant, high porosity, long cycling life, low resistance, high SSA (up to 

3000     ) and high pore volume (about 1.6      ). CO2 or KOH 

treatment are used to increase SSA by opening closed and clogged pores   

[3, 17, 19]. 
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Active carbon (AC), carbon nanofibers (CNFs), carbon nanotubes (CNTs), 

graphene, graphite and graphene nanoplateletes (GNPs) are examples of 

carbon materials which are used as SC electrodes [3, 12, 23]. 

Carbon electrode can give a high specific capacitance such as the CS for 

AC is 334    , power and energy densities can be achieved up to 450 

     and 18.1      , respectively, and its ESR is about 3.72 Ω [18]. 

1.2.1.2: Metal oxide materials 

Metal oxides such as manganese oxide (MnO2), graphene oxide and nickel 

oxide (NiO2) are used as SC electrodes. This is because of their variety in 

surface structure, they have many transition states, so they can reach high 

energy and capacitance [9, 24, 25]. For example, the CS of MnO2 can be 

achieved to 261    . However, metal oxides are expensive, they have low 

charge/discharge current density rate (0.5        for MnO2) and they are 

suitable for aqueous electrolytes only [17, 19]. 

1.2.1.3: Conducting polymers 

P and n- dopable (3-arylthiopene), p-doped poly (pyrrole), poly (3-

methylthiophene) (pMet), polyaniline and polythiophene are examples for 

conducting polymers [17, 26]. This type of electrodes can give high 

capacitance density such as the CS of p and n-doped pMet is 220, 165    , 

respectively [26]. Due to its molecular structure, flexibility and low density 

it can be used at high operating voltage up to 3 V, and it gives high energy 

density. However, its conductivity is low so it has limited power density. 
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Moreover, its stability decreases at long cycling due to swelling and 

shrinking [9, 17]. 

1.2.2: Electrolyte 

The second component of SCs is the electrolyte, which can be aqueous or 

organic [9, 19]. Two criteria are used to determine the kind of the 

electrolyte: voltage window and ionic conductivity. Voltage window 

determines energy density and ionic conductivity determines power density 

[19]. 

Aqueous electrolytes can be acid or alkali such as Potassium Hydroxide 

(KOH), Sodium Sulfate (Na2SO4) and Sulfuric Acid (H2SO4) [17]. They 

can be easy manipulated, low cost and environmentally friendly. Also, they 

have small resistance, high conductivity up to 1 S/cm (conductivity of 

H2SO4 and KOH is 0.8, 0.6     , respectively) [17, 27]. So they achieve 

high power density, but because its voltage window is limited to 1 volt, the 

energy density is reduced [17, 19]. 

Organic electrolytes, such as polymers, propylene carbonate and 

acetonitrile-based ones can achieve high voltage window (2- 3 V) 

depending on impurities of components. However, high voltage window 

can cause corrosion of carbon electrodes and separators [17]. An example 

of using organic electrolytes in carbon electrodes, SC was found to have CS 

in the range of 100 to 150     [19]. Other example when using activated 

carbon as electrode and gel polymer as electrolyte, energy density in the 
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range of 11- 17       was achieved. On the other hand, organic 

electrolyte solubility is low, so conductivity is also low (0.02     ), which 

leads to reduction in power density [17, 19, 27]. 

1.2.3: Separator 

The third component of SCs is the separator. Which is placed between the 

two electrodes to prevent electrical contact. Glass fiber separator can be 

used due to its high porosity and very thin, so the ions can pass through 

quickly and easily from electrolyte to the electrodes. Also, its resistance is 

very low. However, if the voltage window is very high, this causes 

corrosion of glass fiber separator [7, 27]. 

1.3: Principle and mechanism 

The mechanism of how SCs are working depends on the storage charges in 

the pores on the surface of the electrodes. When SC is connected to the 

power supply, it will be polarized. The ions in the electrolyte will be 

diffused towards the opposite sign electrode. During diffusion, the ions 

penetrate the pores in the electrode material and electrode/electrolyte 

interface is formed [19] as shown in figure 1.4 [28]. 
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Fig. 1.4: Schematic of mechanism of how SCs work 

There are three models describe the potential of ions between electrolyte 

and electrodes. The first model is Helmholtz model as shown in figure 1.5 

(a) [29]. The potential is decreasing linearly with the distance between ions 

and electrodes. But this model does not take into account the diffusion of 

ions and the influence of the voltage on the capacitance, because the 

interaction of dipole moment between solvent and electrodes have not been 

obtained [19, 30]. 

The second model is Gouy and Chapman model which is shown in figure 

1.5 (b) [29]. Poisson equation and Boltzmann distribution function are used 

in this model for calculations. In this model, the potential is decreased 

exponentially in the diffuse layer, which is a layer in the electrolyte where 

the ions are diffused in. But Gouy and Chapman model cannot be used in 

high charge double layer. Because the ions behave as point charges with no 

restrictions on potential, which is not true [6, 19, 30]. 
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The third model is Stern model which is shown in figure 1.5 (c) [29]. This 

model combines Helmholtz and Gouy- Chapman models together. Which 

demonstrates the movement of ions in diffusion layer. Also it describes the 

accumulation of charges in compact layer. Two regions are obtained in 

compact layer; inner region where the ions are specifically adsorbed and 

outer region where the ions are non- specifically adsorbed. 

Inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP) are the 

planes which are used for distinguishing the two regions from each other. 

IHP exists near the specifically adsorbed anions, while OHP is at non- 

specifically adsorbed cations [6, 30].  

 

Fig. 1.5: Models for potential of ions between electrodes and electrolytes, (a) Helmholtz, (b) 

Gouy- Chapman and (c) Stern models. 
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1.4: Types of SCs 

According to the way of charge storage, SCs can be classified into three 

types: electric double layer capacitors (EDLCs), pseudocapacitors and 

hybrid capacitors [6, 7, 14]. Figure 1.6 [31] shows the first two types of 

SCs. 

 

Fig. 1.6: Schematic of types of SCs: (a) EDLC, (b) Pseudocapacitor. 

1.4.1: Electric double layer capacitors (EDLCs) 

Carbon materials are used as electrode in this kind of SCs. EDLCs store 

energy electrostatically by adsorption the ions from electrolyte at 

electrode/electrolyte interface with no charge transfer between them [2]. 

The thickness of the double layer is about few nanometers which depends 

on the concentration and size of the ions in the electrolyte [17]. For good 

performance the size of the ions must match the size of pores on the surface 

of the electrode. So the ions aligned vertically in the pores. Then more ions 

can occupy it which cause an increase in the capacitance [19]. 

a b 
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EDLCs can achieve high power density up to 15      . But the energy 

density is about (5-8      ) [11, 32]. 

1.4.2: Pseudocapacitors 

Pseudocapacitors store energy electrochemically by oxidation/reduction 

reaction (Faradic effect) [19]. They are classified into three types: 

underpotential deposition, redox pseudocapacitance and intercalation 

pseudocapacitance. A monolayer is formed from adsorbed ions on the 

surface of the electrode as shown in figure 1.7 (a) [32]. This is called 

underpotential deposition. When the ions are adsorbed on and near the 

surface with charge transfer as shown in figure 1.7 (b), it is called the redox 

pseudocapacitance. But when the adsorbed ions are intercalated into 

tunnels or layers, with charge transfer and no phase change, then it is the 

intercalation pseudocapacitance (figure 1.7 (c)) [32]. 

 

Fig.1.7: Types of pseudocapacitors. 
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Metal oxide or conducting polymers are used as electrodes for 

pseudocapacitors. Such as NiO, MnO2, Co3O4, V2O5, Fe3O4, RuO2, pMET 

and p- doped polypyrrole [9, 26]. This kind of SCs can achieve a very high 

energy density due to its high charge/ discharge time; which is in the range 

of 10 seconds to 10 minutes [32]. Also its CS is very high. For example, CS 

of MnO2 is 261     [25], and for RuO2 CS can be reached to 1360     [9]. 

However, it is too expensive and it has low conductivity. The conductivity 

of MnO2 is in the range of (10
-7

- 10
-3

     ) [32]. However, its power 

density is reduced relative to EDLCs due its high resistance and large 

diffusion distance [11]. 

1.4.3: Hybrid capacitors 

The kind which combine both EDLCs and pseudocapacitors is called 

hybrid capacitors. Which can store energy both electrostatically and 

electrochemically [19]. Hybrid capacitors are used to treat the low energy 

density and CS of EDLCs. And minimize the resistance of pseudocapacitors 

[9, 10]. Also, increase voltage window up to 2 V of aqueous electrolytes 

[33]. 

Hybrid capacitors are using carbon materials/ transition metal oxides 

composite or asymmetric materials as electrodes [9, 10]. Such as AC/ 

MnO2, AC/ NiO, AC/ Li2Mn4O9, CNF/ MnO2 and AC/ a-MnO2.nH2O. For 

good performance the concentration and size of particles of the mixture of 

the materials must match each other. So the energy density can be 

enhanced [9]. 
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Figure 1.8 [9] shows hybrid capacitor preparation. First type is prepared by 

asymmetric electrodes. One of the electrodes is battery- type 

(pseudocapacitive materials) and the other electrode is capacitor- type 

(carbon materials). The second type of preparation is from two symmetric 

composite materials electrodes. 

 

Fig. 1.8: Schematic of hybrid supercapacitors 

The CS of CNF/ MnO2 electrode with high SSA (240     ) is 303    , 

and energy density is reached to 72.4       [25]. Also, the energy density 

of AC/ a-MnO2.nH2O as electrodes is 28.8       at 0.25     [33].  
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1.5: Literature Survey 

Many applications and devices depend on the development of SCs. So 

many reports and researches took attention on the parameters that affect the 

efficiency of SCs. 

A. Nishino [34] has studied the capacitance of conventional capacitors 

which is in the range of (0.1- 1   ). Becker [35] has developed the 

principle of EDLCs. Then Sohio group [36] have used high area carbon 

powder material with salt electrolyte. The CS for the best carbon materials 

as electrodes is in the range of 150     [32]. In 1952, the influence of 

electrolyte at electrode surface on the performance of SCs was determined 

[10]. Nakamura et al. [37] have discussed the effect of surface functional 

groups containing oxygen on the stability of carbon electrodes in SC by 

using organic electrolyte. They found that, the stability increases with 

oxygen content when carbon was used as anode and decreases when it is 

used as cathode. Also, Demarconnay et al. [38] have observed the 

symmetric carbon/ carbon SC, in neutral Na2SO4 aqueous electrolyte, has a 

stable cell voltage window as high as 1.6 V. V. Ganesh et al. [1] have 

studied the symmetric and asymmetric SCs by using high surface area 

porous nickel and AC. In that study the CS for single electrode for nickel is 

473    . X. Sun et al. [39] have done a comparative study by using AC as 

electrodes in Li2SO4 and KOH aqueous electrolyte, the CS was found in 

Li2SO4 to be 80% higher than KOH electrolyte. 
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In 1889 CNFs had excellence as filaments produced from gases which 

include carbons. Then CNFs have attention from researchers in 1950 after 

manufacturing electron microscope analyser [40]. In 1970s, A. Oberline et 

al. [41] had prepared CNF from benzene and hydrogen at       C. They 

found that CNFs have internal hollow tubes with diameter from 20 to 500 

  . Until 2005, new challenge was faced to develop SCs of high CS by 

enhancing mesoporous carbons with high SSA [10]. 

A. Daraghmeh et al. [3] have also studied the concentration of binder and 

pressure on the performance of CNF, in their paper, ESR value was found 

to increase with increasing the concentration of polymers (from 0.3 to 1.9 

Ω) and to decrease with increasing pressure. Also, the value of CS was 

found about 80     for the lowest concentration of polymer. Also, A. 

Daraghmeh et al. [25] did another research on the flexibility of high dense 

CNFs in different concentrations of KOH electrolyte. The CS value was 

found for 9M KOH to be 38     at scan rate 5     . Moreover, A. 

Daraghmeh [18] did a comparison study between AC and CNF, in this 

study CNF has achieved 1860      power density which is higher than 

the power density of AC (450     ) due to its low ESR (0.28 Ω) relative 

to AC. In addition, M. Seo et al. [42] have done a comparative study 

between CNFs and activated carbon nanofibers (ACNFs), the average 

diameter was decreased by activation from 350 to 250 nm, and the SSA 

was increased by activation from 240 to 1250      so the CS of CNFs can 

be enhanced by activation. Moreover, Wang et al. [43] have calculated 



18 

Raman shifts via Raman spectroscopy and found that the Raman shift is in 

the range of 1050 to 2000     . 

J. Sun et al. [44] have improved electric conductivity of CNFs by 

fluorinated multiple wall CNT (MWCNT) which is achieved to 27     . 

M. Raimondo et al [45] have also studied electrical conductivity of CNFs. 

They found that conductivity and permittivity depend on frequency which 

are increased after certain value. They also found that permittivity is 

exponentially dependent on carbon nanofiller content. The thermal 

conductivity of CNFs was improved by A. Askounis et al. [46], who found 

that thermal conductivity of modified CNF by MWCNT is larger than 

CNFs and less than CNTs due to the changing in wall structure of CNFs. 

F. Hoshi et al. [47] had studied the binding energy of aligned CNF which 

was deposited on Si substrate. The binding energy was 284.6    which 

indicates sp
2
 carbon structure with < 5% oxygen. Also, B. Kumar et al. [48] 

reported the catalytic ability polyacrylonitrile (PAN)- based heteroatomic 

carbon nanofibers for carbon dioxide reduction into carbon monoxide, via a 

metal- free and renewable route. The binding energy was 400    which 

indicates nitrogen presence, and 284, 284.8, 286 and 287.8    which 

correspond to C─C, C═C, C─N and O═C─N, respectively. 

Also, many researches are concerned about graphene, which is two 

dimensional carbon monolayer. In fact, graphene uses as electrode material 

due to its light weight, high electrical and thermal conductivity, high 

chemical stability and has a very high SSA (2675     ) that gives CS in 
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the range of (100- 250    ) [7, 32]. Stoller et al. [16] have studied the 

reduced graphene oxide as electrodes, the CS was found 135 F/g with 

aqueous electrolyte and 99     with organic electrolyte. Moreover, the CS 

for graphene nanosheets is found (38- 264    ), which depends on the 

preparation methods, SSA, number of layers and the kind of the electrolyte 

[14]. 

Many studies suggested the use of GNPs to enhance SSA and surface 

roughness [49]. M. Beidaghi et al. [14] have studied GNPs with SSA (600-

750     ), the CS for 1    and 6    thickness was found 52, 49    , 

respectively at scan rate 0.1    . And CS by using 1M Na2SO4 for 1    

and 6    was 55, 53     respectively at 1    . They also found the 

specific energy to be 2.93      . M. K. Singh et al. [50] have studied 

EDLC with GNPs as electrodes and gel polymer electrolyte, the CS value 

was about 57     evaluated at 10    , and ESR was 170       at 0.5 

    in charge/ discharge process. 

Bonso et al. [51] have also demonstrated GNPs/ V2O5 composite as SC 

electrodes, the CS was 35     with aqueous electrolyte and 226     with 

organic electrolyte. A. Singh et al. [12] have studied asymmetric SCs by 

using MCNT/ NiO2 and GNPs as electrodes, the CS was 181     at 1     

and the maximum energy density was 49      . They also found that at 

10     the power density achieved 7000      at energy density 17 

     . Also, Ch. Shi et al. [23] have discussed high porous carbon with 
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GNP, the CS was evaluated in 2M KOH and 1M Na2SO4 at 1 A/g which 

was 329, 311    , respectively. 

Huang et al. [52] has improved the electric conductivity of GNPs which is 

reached to (4.3 x 10
4
     ). Then Scida [53] has manufactured GNP based 

on antenna to enhance the conductivity of GNPs (σ ≈ 10
5
     ). 

Moreover, S. Biswas et al [54] have enhanced the electrical conductivity of 

liquid crystalline polymer (LCP) by adding 5% GNPs to LCP, and the 

measured conductivity was 4.5 x 10
-4

     . S. Kim et al [55] has used 

composite of 20% GNPs filler GNPs and carbon black (CB) to study 

thermal conductivity and obtained 1.98     . 

Sh. Ding et al. [56] used polypyrrole (PPy) and GNP composite as SC 

electrodes. SSA was 136.5     , CS achieved 285    . Also, binding 

energy was 284.7, 285.6, 286.7 and 288.3    which is related to C─C, 

C─N, C─O and C═O, respectively. 

1.6: Why carbon nanofibers and graphene nanoplateletes have been 

used as supercapacitor electrodes? 

The performance of SCs depend on the electrode materials and on type of 

the electrolyte. Researches are focusing on increasing energy density of 

SCs by increasing CS. So, enhancing the morphological properties of the 

electrode materials will give high energy density. At the same time limiting 

the value of ESR to keep higher power density [16]. 
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Many researches and papers are focused on CNF as SC electrodes. Due to 

its properties: good stability, high length to diameter ratio, good thermal 

and electrical conductivities (ESR = 0.3 Ω), SSA and flexibility. CNF has 

sp
2
 linear filament like cylindrical structure with graphene layers as cups or 

cones as shown in figure 1.9 [18, 57, 58, 59] with diameter in the range of 

(100- 350 nm) [3, 25, 60]. 

 

Fig. 1.9: CNF structure (a) schematic of the shape and (b) CNF structure by TEM. 

The SSA of CNF can be achieved up to 973.4     ; according to the 

preparation method [60]. Without using polymers SSA of CNF is 165 

    . The highest CS of CNF in 6M KOH electrolyte by using 10 wt% of 

PVDF and 1783 MPa is 96    . Which gives a very high power density 

(24502     ) and energy density to be consistent 6.8       [3, 7, 25]. 

Bonso et al. [61] have treated CNF by electrospun and obtained SSA value 

of 11662     , which gives high CS (120    ) at scan rate 10 mV/s by 
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using liquid ionic electrolyte. So the energy density increased to 60       

at power density of 1700     . 

CNFs have uniform distribution of mesoporous [62]. Many researches 

proved that such as the study by A. Daraghmeh et al. [18] they found that 

59% of the total pore volume is meso- volume, which is about 0.2 cm
3
/g, 

which contributes to the values of CS.  

Furthermore, GNPs consider as a promising candidate for preparing 

electrodes, because GNPs are thermal conductive polymer which have a 

very high SSA in the range of (600- 750     ) [14, 63] with thickness in 

the range of (0.34 to 100   ), light weight, flexibility, and its resistance is 

very low [12, 57]. Also, GNPs have high porosity, which has a planar 

structure with few layers of sp
2
 bounded carbons to form 2D material with 

nanometer thickness [9, 23, 50, 58] as shown in figure 1.10 [64]. So, GNPs 

can increase stability, stiffness, thermal and electrical conductivity of SCs 

[49]. 

 

Fig. 1.10: GNP structure (a) schematic of shape and (b) GNP structure by GNP. 
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GNPs have demonstrated in 1M H2SO4 electrolyte. The CS is 53    , and 

the achieved energy and power densities were 2.93       and 75.46 

     , respectively. However, GNP
'
s energy density has increased up to 

8.2       with using gel polymer electrolyte, but the power density is less 

than using aqueous electrolyte (16.4      ) [14, 50]. 

From the previous researches, we expected using CNF/GNP composite as 

SC electrodes will give higher CS, conductivity, power and energy densities 

and lower ESR. 

1.7: Objectives of this thesis 

The general aim of this study is to enhance the efficiency of SCs, which is 

prepared by CNF/GNP composite as electrodes. The improvement is 

obtained by increasing power and energy densities. The energy density 

(specific energy) can be increased by increasing CS. And the power density 

(specific power) can be increased by decreasing ESR. This can be done by: 

1. Studying the effect of the concentration of CNF/GNP composite as SC 

electrodes by using 1 M KOH electrolyte. 

2. Studying CS, ESR, power and energy densities for the electrodes by 

using potentiostate in three different ways: cyclic voltammetry (CV), 

galvanostatic charge/ discharge (GCD) and electrochemical impedance 

spectroscopy (EIS). 
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3. Studying surface and structural morphology of the electrode materials 

by using scanning electron microscope (SEM) and transmission electron 

microscope (TEM). 

4. Studying SSA and PSD by using Brunauer- Emmett- Teller (BET), 

Barrett- Joyner- Halenda (BJH), Harkins- Jura and micropore (MP) 

methods. 

5. Comparison between the prepared electrodes to determine the best 

concentration which give the highest power and energy densities. 

1.8: Thesis Structure 

Chapter One: Introduction 

This chapter explains SCs, its components, types and principle of how SCs 

are working. In addition, literature survey of some studies and reports about 

CNFs and GNPs are obtained in this chapter. Properties of CNFs and GNPs 

are presented to demonstrate why these two materials are used in the 

experimental part of this thesis. Finally, the objectives of this thesis are 

explained in the final section of this chapter. 

Chapter Two: Theory 

In this chapter, theories are presented about numerous methods to calculate 

the electrochemical characterization by CV, GCD and EIS methods. Then, 

in the second section of this chapter different techniques are investigated to 
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obtain SSA by BET method and PSD by BJH, Harkins- Jura and MP 

methods. 

Chapter Three: Experimental 

Materials, devices, way of preparation of electrodes and electrolyte which 

are used in the experiment are discussed in this chapter. Then, methodology 

of electrochemical calculations is provided. Finally, surface, morphology 

and pore texture measurements are classified in the final section of this 

chapter. 

Chapter Four: Results and Discussion 

This chapter discussed the structural behavior of CNF/ GNP composites 

with different concentrations by N2 adsorption/ desorption isotherms, SEM 

and TEM. Also, physical properties are investigated and presented in the 

second section of in this chapter. 

Chapter Five: Conclusion 

In the final chapter of this thesis the basic results, properties of the prepared 

SCs are given and recommendations for enhancing this work in near future 

are suggested. 
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Chapter Two 

Theory 

The ability for storing energy in conventional capacitors depends on the 

amount of accumulated charges in each electrode when maintaining 

potential difference between them which is given by [65]: 

                                                                                                         (2.1) 

Where q is the charge on each electrode in coulomb ( ), C is the 

capacitance in Farad ( ) and V is the potential difference in volts (    ). 

For parallel plate capacitor;        and      . Where σ is charge 

density (     ) and   is the electric field which is equal       by Gauss 

law. The capacitance is also a geometrical function, which depends on the 

dimension of the capacitor according to [17, 65]: 

     (
 

 
)       (

 

 
)                                                                            (2.2) 

Where εr is the dielectric permittivity constant of the dielectric material 

which indicates that the material not allow the electric field to pass through 

it, ε0 is the permittivity of the free space (8.854 * 10
-12

    ), A is the area 

(in   ) and d is the thickness of the dielectric material (in  ). 

The energy stored in the electric field established between the two 

electrodes can be calculated using: 

  
 

 
                                                                                                    (2.3) 
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Where E is the stored energy in Joules (J). 

Equations (2.1) and (2.2) can also be used in the case of SCs to calculate 

energy density. Where q is the accumulated charge density on the 

electrode/ electrolyte interface, V is the operating voltage (voltage 

window), εr is the electrolyte permittivity, A is SSA and d is the effective 

distance (the distance between ions and pore surface of the electrode in the 

range of 5- 10   ), which depends on the concentration and the permittivity 

of the electrolyte. The energy density, which is stored in SCs, is higher than 

that in the conventional capacitors because the electric field in the SC 

between the opposite charges at the electrode/ electrolyte interface can be 

achieved up to 10
6
      [10, 17, 25, 65]. 

According to equation (2.2), two challenges are obtained for increasing CS, 

which are increasing SSA and decreasing the effective distance. Therefore, 

developing the parameters which contribute to the behavior of SCs have a 

great interest to replace the known energy sources.  Electrochemical, 

structural and surface characterizations are used to investigate the 

properties and behavior of SCs by different numerous methods and 

techniques [3, 15, 66]. 

2.1: Electrochemical characterization 

The performance of SCs can be determined by discussing the 

electrochemical properties, which are CS, E, P and ESR. Electrochemical 
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characterization can be studied by three different methods: CV, GCD and 

EIS [6- 8, 11]. 

2.1.1: Cyclic voltammetry (CV) 

Electrochemical behavior of SCs can be investigated by CV method in the 

range of 0 to 1V for aqueous electrolytes, at different constant scan rates 

(        . The developed resulted current is due to sweeping the 

potential between the two electrodes. The resulting CV curve is the current 

against potential, where the current is a function of time, I(t). The shape of 

CV curve can determine the type and stability (cycling life) of SCs. EDLCs 

have a rectangular CV curve, while the pseudocapacitors have CV curve 

with peaks. An example of CV curves for EDLC and pseudocapacitor is 

shown in figure 2.1 [6- 8, 11, 67]. 

 

Fig. 2.1: Difference in CV curve for (a) EDLC, (b) Pseudocapacitor 

For symmetric SC with electrodes equal masses, sizes, thickness and 

material, it is considered to have two equal capacitors in series, C+ and C- 

for positive and negative electrodes, respectively (figure 2.2 (a)). Each 

capacitor consists of diffuse capacitance (Cd) and compact capacitance (Cc) 
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according to Stern model as shown in figure 2.2 (b). Total capacitance and 

electrode capacitance can be found by [17, 19, 30]: 

 

     
 

 

  
 

 

  
                                                                                          (2.4) 

 

  
 

 

  
 

 

  
                                                                                              (2.5) 

Where Ctot is the total capacitance and C
*
 is the capacitance of the 

electrode. Cd contributes to the capacitance of the cell at low potential but it 

negligible if the electrolyte is concentrated [30]. 

 

Fig. 2.2: (a) Schematic equivalent circuit for double layer capacitor and (b) compact and diffuse 

capacitances for one electrode according to Stern model . 

Then the capacitance per unit mass for one electrode can be found by       

[3, 18, 25]: 

    
   

 
                                                                                                   (2.6) 

Where    is the specific capacitance (   ), C is the measured capacitance 

and m is the active material of the electrodes in grams ( ). 

 

a b 
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The measured capacitance (C) can be calculated by: 

   
       

  
 ,                                                                                             (2.7) 

where    and    are the anode and cathode charge densities, respectively, 

and ∆V is the voltage window (operating voltage) [18, 19]. 

Anode and cathode charges can be evaluated by the area under the curve of 

current density, I against time, t. According to: 

∫    ∫                                                                                                (2.8) 

2.1.2: Galvanostatic charge/discharge (GCD) 

Another way which is used for calculating electrochemical properties of 

SCs is GCD method. Different constant currents can be applied, between 

work and reference electrode, in this method to study the variation of 

potential with time for charge and discharge processes [6- 8, 11]. Typical 

charge/ discharge processes for SC is shown in figure 2.3 [68]. 

 

Fig. 2.3: Galvanostatic charge/ discharge curve for supercapacitor. 

IRdrop 

V 

t 
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Equation (2.8) can be rewritten as following and substituting C from 

equation (2.6): 

   
  

  
  

  

  
 
  

  
   

  

  
 

       

 
 (

  

  
                                                     (2.9) 

CS can be calculated for two electrodes by [1, 3, 18, 25]: 

    
   

  
  

  

                                                                                               (2.10) 

Where I is the discharge current (A), m is the mass of one electrode and 
   

   
 

is the slope of the final discharge process (in volt/sec). 

GCD method is used for constructing Ragone plot. This plot represents 

power density against energy density. The power density (    ) is given 

by [18]: 

   
   

 
                                                                                                   (2.11) 

Where V is the potential difference excluding voltage drop (      

        represents the gap between charge/ discharge processes) and m is 

the mass of one electrode [3, 18, 25]. 

The energy density (     ) of one electrode is calculated by using [18]: 

                                                                                                        (2.12) 

Where t is the discharge time in seconds (s). To convert the unit of energy 

density from (    ) to (     ) multiply equation (2.12) by 
        

      
 [19]. 
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The maximum power density for SC can be determined by: 

     
  

         
                                                                                     (2.13) 

Where ESR for one electrode can be calculated from the slope of the plot 

of       versus I).  

From GCD the efficiency (ղ) of SC can be calculated from [69]: 

ղ  
   

   
                                                                                                   (2.14) 

Where ∆td, ∆tc are discharge and charge times, respectively. 

2.1.3: Electrochemical impedance spectroscopy (EIS) 

The electrochemical characterization can also be investigated by EIS 

analysis, which is also called Nyquist plot.  AC current is resulted with 

phase shift due to apply sinusoidal potential in the range of 100     to 10 

    [18]. The applied potential as a function of time (  ) is given by [70]: 

                   
                                                                       (2.15) 

Where    is the amplitude of the signal and ω is the angular frequency 

(         

The resulted current as function of time (  ) with phase shift (υ) is 

determined by [70]: 

                      
                                                              (2.16) 

Where I0 is the amplitude of the signal. 
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Then the ability to resist the flow of current is called the impedance (Z) 

which can be calculated according to: 

  
  

  
 

           

            
   

        

           
      

                                      (2.17) 

According to equation (2.17), the impedance has real and imaginary parts. 

The relation between real and imaginary components of the impedance is 

called Nyquist plot, which is divided into three regions according to the 

frequency: high- frequency, low- frequency and Warburg regions [6, 7, 70]. 

Semi-circle was investigated in high-frequency region. And straight line in 

low-frequency region. Warburg region is the transition region between high 

and low regions which is occurred at 45
0
 phase shift. Diffusion of the ions 

can be demonstrated at Warburg region. According to the variable of 

frequency values, SCs can behave as resistor (   ) at high-frequency 

region, and as capacitor (  
 

     
) at low-frequency region as shown in 

figure 2.4 [6- 12, 65, 70, 71]. 

The first x- intercept of the Nyquist plot at the highest frequency region 

represents the solution (electrolyte) resistance (  ), which depends on the 

temperature, type and concentrations of the ions. However, the arc 

resistance represents the charge transfer resistance (   ), which is the 

resistance of the electrolyte access into the pores in the electrode surface. 

    depends on the reaction products and the potential. The total resistance 

which represents the sum of the ionic resistance of the electrolyte, electric 

resistance of the electrodes, the interface resistance between electrodes and 

current resistance is called ESR [6,7, 23, 25, 70, 71]. 
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Fig. 2.4: Components of Nyquist plot for SC. 

In this method, the specific capacitance of SC is calculated at low- 

frequency region (  
 

     
), by rewriting impedance formula [3, 18, 70]: 

   
  

           
                                                                                         (2.18) 

Where f is the lower frequency (Hz), z   is the imaginary component of 

impedance at lower frequency (Ω) and m is the total mass. 

One of the most important properties of SCs is time constant (τ) which 

represents how does SC respond. For small τ indicates fast response. τ 

depends on resistance and capacitance which can be evaluated by two ways 

as shown in the following equation [3, 19]: 

          
 

   
                                                                                  (2.19) 

Where ESR is the equivalent series resistance, C is the capacitance, P is the 

maximum power density and E is the energy density which can be 

φ= 45
0 
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calculated from equation (2.3) where V is the voltage difference excluded 

voltage drop. 

The time which is needed for transition from resistor to capacitor behavior 

is called relaxation time (        . Where     is knee frequency which is 

the frequency at 45
0
 phase angle [3]. 

2.2: Surface, morphology and structural characterization 

The surface, morphology and structure of the electrode materials can be 

studied by different techniques. These techniques are important for 

explanation the electrochemical behavior and performance of SCs. The 

external surface morphology of the electrode materials can be studied using 

SEM. The internal surface of the materials is investigated by TEM. The 

SSA can be obtained by BET method. And the PSD are studied by BJH, 

Harkins- Jura and MP methods [6- 8, 11]. 

2.2.1: Brunauer- Emmett- Teller (BET), Barrett- Joyner- Halenda 

(BJH) methods 

The external area of the electrode materials and the pore area are used to 

determine SSA by using BET analyzer. PSD, the area and volume of the 

pores can be determined by using BJH method. BET and BJH methods are 

based on nitrogen (N2) multilayer adsorption/ desorption isotherms. Which 

is the amount of N2 adsorbed or extracted at different pressures at certain 

temperature (77 K) [7, 8, 72].  
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The relation between the amount of N2 adsorption/ desorption and relative 

pressure can be calculated from BET equation [73, 74]. 

 

  
  
 

   
  

 

    
  

   

    
  

 

  
                                                                   (2.20) 

Where  (
  

 
  ) is the amount of N2 gas adsorbed, 

 

  
 is the relative 

pressure (P is the pressure and P0 is the saturation pressure),    is the 

amount of adsorbed N2 gas as monolayer and C is BET constant. 

The SSA (in     ) can be calculated from the linear plot of equation 

(2.20) between 
 

  
  
 

   
 against 

 

  
  as shown in figure 2.5 [74, 75]. The slope 

(s) is 
   

    
 and the intercept (i) is 

 

   
.  

 

Fig. 2.5: BET plot. 

So the quantity of adsorbate as monolayer can be calculated: 

    
 

   
                                                                                               (2.21) 
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Then the total surface area (St) can be measured from: 

   
       

 
                                                                                           (2.22) 

Where N is Avogadro
'
s number (                        , Acs is the 

cross sectional area of N2 molecule (0.1620    ) and M is the molecular 

weight of adsorbate (        ). The SSA can hence be measured by 

dividing equation (2.22) by mass. 

PSD is distinguished by BJH, Harkins- Jura and MP methods. BJH is used 

to obtain the Vtot, meso and macro pore volumes and areas. But this method 

cannot distinguish micropores. Harkins- Jura method (t- plot) is used to 

investigate micro or meso pores and external area. While ultra-micro pores 

can be revealed by MP method which cannot detect meso and macro pores 

[3, 7, 18, 76]. 

BJH method is based on capillary condensation; where the gas is 

condensed to liquid in the pores at pressure less than saturation pressure. 

Area, volume and distribution of the pores can be described by explaining 

the equilibrium phase transition of desorption branch by using Kelvin 

equation [6- 8, 11]. 

The plot of the quantity of adsorbed gas against relative pressure, the 

desorption curve may overlay or on the left of adsorption curve due to the 

type of pores which is dominant in the material [7]. 
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Adsorption isotherms are classified into six types according to IUPAC as 

shown in figure 2.6 [7]. In type Ι micropores are obtained with no or little 

external surface area. Type ΙΙ shows macroporous or nonporous materials 

with unrestricted monolayer. Weak interaction between adsorbent and 

adsorbate which is shown in types ΙΙΙ and V. And hysteresis loop is 

appeared in type ΙV due to complete filling and emptying mesopores with 

forming capillary condensation. In type VI peaks are observed relative to 

system and temperature with non- porous surface [7]. 

 

Fig. 2.6: Types of adsorption isotherms. 
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The total pore volume (in cm
3
/ g) can be determined by the number of 

adsorbed nitrogen at maximum relative pressure of adsorption/ desorption 

isotherm (where                         ) [7, 18, 25]. 

Volume and area of meso and macro pores can be investigated by BJH 

desorption by calculating thickness (t) in Angstrom (A
0
) of the adsorption 

layer at each relative pressure of N2 isotherm [7, 74]:  

       ( 
 

  (
 

  
)
)

 

 

                                                                             (2.23) 

Incremental meso and macro volumes are calculated at each relative 

pressure depending on the quantity adsorbed of N2, then the incremental 

meso and macro areas are calculated according to the following equation 

[7, 74, 77]: 

                                                                                                        (2.24) 

Where V and S are the volumes and areas, respectively of meso and macro 

pores. 

For cylindrical pores, meso and macro pores can be distinguished 

according to the average pore diameter (in nm), which can be estimated as 

follows [77]: 

 

 
 

      

       
 

 

 
                                                                                         (2.25) 
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Where h is the pore depth and r is the pore radius (  
 

 
  . So, the average 

pore diameter estimates by: 

      
   

 
                                                                                          (2.26) 

Then the volumes and areas of meso and macro pores estimated by 

cumulative volume and cumulative area.  

Harkins and Jura method (t- plot) is used to evaluate meso area, micro area, 

micro volume and external area (Sext) which represents the area around 

pores, by calculating statistical thickness by de Beor equation (equation 

2.27) in the same range of relative pressure of adsorption/ desorption 

isotherm [76]: 

  (
     

         (
 

  
)
)

 

 

                                                                               (2.27) 

T- plot is the plot of quantity adsorbed of N2 against thickness. If the 

relation between them is linear and the first linear fit of the plot of the 

quantity adsorbed and thickness (         ) at low pressure pass through 

the origin, then the mesopores are found in the material (figure 2.7 (a)). 

The slope of the first linear fit is SSA. Otherwise, if the first linear plot of 

the quantity adsorbed and thickness doesn’t pass through the origin, then, 

the material consists of micropores, and the y- intercept equals micro 

volume as shown in figure 2.7 (b) [77- 79].  
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At high pressure, the adsorption occurs at external area because all pores 

are filled. The slope of the second linear fit of the plot (        ) is equal 

     for the two cases (figure 2.7 (c)). Then meso area in the first case and 

micro area in the second case can be calculated by subtracting external area 

from SSA as following [77- 79]: 

                                                                                             (2.28) 

                                                                                             (2.29) 

 

 

Fig. 2.7: T- plot in the presence of (a) mesopores, (b) micropores and (c) external area and 

micropores. 

MP method is an extension of t- plot, which measures the distribution of 

micropores of size less than 0.7 nm (ultra- micropores). This type of 

micropores are calculated from the curvature of the t- plot near the origin 

a b 

c 
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where the all micropores are filled. Also, MP method depends on 

evaluating thickness (equation 2.27) and the incremental volume to 

estimate the incremental area. Then the average pore hydraulic radius       

(in A
0
) is measured by [79]: 

   
 

 
                                                                                                     (2.30) 

Where V is the incremental volume and S is the incremental area of the 

ultra- micropore.  
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Chapter Three 

Experimental 

Preparation electrodes, electrolyte and studying the electrochemical 

behavior was done at An- Najah University. Structural and morphological 

characterization was obtained by Dr. Llorenc Servera at Barcelona 

University. 

3.1: Materials and Setup devices 

3.1.1: Materials 

Materials which were used in this thesis are shown in table 3.1. 

Table (3.1): Materials used in experiment 

Material Purity Source 

CNF 98.99% Grupo Antolin 

GNP 99.999% Aldirch Chemistry 

Glass fiber separator 

(MFV5) 

99.99% Alter- Lab 

KOH  Frutarom LTD 

Acetone (CH3COCH3) 99%  

Distilled water   

3.1.2: Setup devices 

The experimental work was done in Advanced Material Science Lab- 

Physics Department and Heavy Instrumental Lab- Chemistry Department 

at An- Najah University. Surface morphology and pore characterization 

was measured at Barcelona University. The setup devices which were used 

in this thesis are listed in table 3.2. Figure 3.1 shows the devices used to 

study the electrochemical behavior at An- Najah University. 
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Table (3.2): Devices used in experiment 
Devices Model 

Balance AND HR- 200 

Agate mortar  

Ultrasonic Elmasonic S 10H 

Oven Ari j. levy 

Magnetic Stirrer LD RPM (666 839) 

Swagelok cell  

Potentiostate PGZ 402- Volta Lab 

Press and molding machine Shimadzu 

SEM Jeol J- 7100 

TEM Jeol 2011 

BET analyzer TriStar 3000 V6. 04A 

 

Fig. 3.1: Devices used in experimental work: (a) press and molding machine, (b) balance, (c) 

magnetic stirrer, (d) oven, (e) ultrasonic, (f) Swagelok cell, (g) mortar and (h) potentiostate. 
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3.2: Preparation of electrodes by blade method 

 Preparation the first sample; 10% GNP: 

o Commercial CNF (          diameter, > 30 μm length,           

and           ) resistivity. And commercial GNP (Grade- C), 4- 5 layer 

of graphene, < 2 μm diameter and (          were used as electrode 

materials in this experiment. 

o 90% wt. of CNFs with 10% wt. of GNPs was mixed in agate mortar. 

o The slurry was mixed by using 20 ml acetone in ultrasonic (Elmasonic 

S 10H) for 20 min at 35 C
0
. 

o The slurry of the mixture was dried in oven (ari j. levy) for 60 min at 70 

C
0
 to have mixture powder. 

o The powder was pressed by press and molding machine (Shimadzu) at 

7 Ton; in Heavy Instrumental Lab- Chemistry Department. 

o The prepared electrode discs were 0.07g, 13.7 mm diameter and 1.33 

cm
2
 area which are shown in figure 3.2. 
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Fig. 3.2: Prepared electrode discs 

 Doing same methodology of preparation with different concentrations 

of CNFs and GNPs: 

o Second sample; 30% GNP: 70% wt. CNFs with 30% wt. GNPs. 

o Third sample; 50% GNP: 50% wt. CNFs with 50% wt. GNPs. 

o Fourth sample; 70% GNP: 30% wt. CNFs with 70% wt. GNPs. 

o Fifth sample; 90% GNP: 10% wt. CNFs with 90% wt. GNPs. 

o Sixth sample; GNP: 95% wt. GNPs with 5% wt. polymer. 

3.3: Preparation of aqueous electrolyte 

1M KOH was used as aqueous electrolyte in this experiment. 5.61g of 

KOH (molar mass is 56.1 g/ mol with                       

         was mixed with 100ml distilled water by using magnetic stirrer 

for 30 min as shown in figure 3.3. 
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Fig. 3.3: Preparation 1M KOH. 

3.4: Methodology of electrochemical calculations 

o Symmetric SC based on CNF/ GNP composites with different weight 

concentrations of GNP were used as electrodes. 

o Glass fiber separator (MF V5- 110 mm size) was impressed in 1M 

KOH for few minutes until it was wet. 

o Swagelok cell was used to assemble the components of SC together. 

The two symmetric electrodes and glass fiber separator with 1M KOH 

electrolyte between them was assembled as shown in figure 3.4. 
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Fig. 3.4: Swagelok cell assembling 

o Swagelok cell was connected to potentiostate (PGZ- 402). Work and 

sense leads were connected with each other, and auxiliary with reference 

leads were connected together as shown in figure 3.5. 

 

Fig. 3.5: Potentiostate connection. 
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o Potentiostate (PGZ- 402) was used to study the electrochemical 

characterization by three different methods: CV in the range of 0 to 1 volt 

at different constant scan rates (5, 10, 20, 50 and 100 mV/ s), GCD in the 

range of 0 to 1 volt at different constant currents (30, 50, 80, 100 and 130 

mA) and EIS in the range of 100 KHz to 10 mHz at 20 mV AC sine wave 

amplitude. 

o Comparison was made between the sample
'
s results to determine the 

best concentration which gives the highest energy and power densities (the 

highest CS and lowest ESR). 

3.5: Surface and morphology texture measurements 

Different techniques are used to determine texture, structural, crystalline 

feature, pore types and composition of the prepared materials which were 

used in the experimental part of this thesis. 

3.5.1: Surface characterization 

The SSA and PSD are determined by using N2 adsorption. BET and BJH 

methods are used for calculating pore texture and evaluating the dominant 

pore volume in the testing sample. 

3.5.1.1: BET analyzer and BJH method 

The materials are exposed to N2 gas of different pressures at certain 

temperature (77 K). At equilibrium, the amount of N2 gas can be calculated 

by universal gas law. The total pore volume is evaluated at relative pressure 
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(
 

  
          The SSA, pore areas and volumes, PSD and type of the 

pores can be obtained by BET, BJH, t- plot and MP methods. 

BET analyzer (TriStar 3000 V6. 04A) which is shown in figure 3.6 is used 

to characterize SSA and PSD for CNF/ GNP composite. 

 

Fig. 3.6: BET analyzer (TriStar 3000 V6. 04A). 

3.5.2: Morphology characterization 

The external and internal morphology and composition structure of CNF/ 

GNP composite are examined by using SEM and TEM. 

3.5.2.1: Scanning Electron Microscope (SEM) 

The external morphology, topography (shape, feature and texture) and the 

composition of the materials can be studied by type of electron microscope, 

which is called SEM. Accelerated electrons are used in SEM to produce the 

image of the materials in raster scan pattern. 
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The accelerated electron beam is focused on the surface of the material by 

aperture. Which control the size of the beam which interact with the atoms 

on the surface of the sample. Then it emits secondary electrons which can 

be detected by detector. The number of the secondary electrons depends on 

the texture of the surface of the material. 

In this thesis, the morphology of CNF/ GNP composite electrodes was 

measured by SEM (Jeol J- 7100) which is shown in figure 3.7. 

 

Fig. 3.7: SEM (Jeol J- 7100). 

3.5.2.2: Transmission Electron Microscope (TEM) 

The inner structure, morphology (texture, shape and size) and crystalline 

composition of the samples can be studied by TEM. Accelerated electrons 

are used in TEM to produce white and black image with high resolution. 
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The accelerated electron beam which is focused, hits the sample. Part of the 

beam is transmitted through the material. So the image which is formed 

consist of light and dark areas. The light portions are related to the 

transmitted electrons. While the dark ones represent the electrons which not 

pass through the sample. 

TEM (Jeol 2011) is used in this thesis at accelerated voltage 20 KV to 

study the internal morphology of CNF/ GNP composite which is shown in 

figure 3.8. 

 

Fig. 3.8: TEM (Jeol 2011). 

 

  



53 

Chapter Four 

Results and Discussion 

4.1: Electrochemical behavior 

CNF/ GNP composite was tested as SC electrode materials, at different 

concentration of GNP (10%, 30%, 50%, 70% and 90%) by using 1M KOH 

as aqueous electrolyte. CV, GCD and EIS were used for evaluating CS, E, P 

and ESR by using PGZ- 402 potentiostate. 

4.1.1: Cyclic voltammetry behavior 

The electrochemical behavior of CNF/ GNP composite was characterized 

by CV in the range of 0 to 1 volt at different constant scan rates (5, 10, 20, 

50 and 100     ). CV is the most appropriate method to recognize the 

capacitive characterization of the electrode materials. 

CV curves of CNF/ GNP composites with GNP weight percent of 10%, 

30%, 50%, 70% and 90% were shown in figure 4.1. At all scan rates, all 

samples had symmetrical shape CV curves. At low scan rate, CV curves 

presented semi- rectangular shape without any peak and with high 

reversibility charge and discharge processes, which indicates that the 

designed SCs in this experiment presents EDLC behavior [6- 8, 12, 55]. At 

high scan rates (50      and above), deviation from rectangular shape was 

observed. This was explained by the difficulty for ion species to enter all 

vacant sites in the electrode [80]. 
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As also observed in figure 4.1, the current is directly proportional to the 

potential scan rate, which leads to have larger semi- rectangular area. The 

increasing of the current peak with high scan rates is due to the increasing 

the mobility of the ions, which caused high concentration that diffused near 

the electrode surface [81, 82]. 

The values of Cs for CNF/ GNP composite electrodes with different 

concentration of GNPs was calculated by using equations (2.6) and (2.7). 

Table 4.1 and figure 4.2 (deduced from the table) show CS comparison of 

the samples for different scan rates. 
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Fig. 4.1: CV curves at different scan rates (5, 10, 20, 50 and 100     ) for CNF/ GNP 

composite with GNP weight percent of (a) 10%, (b) 30%, (c) 50%, (d) 70%, (e) 90% and (f) 

CV at scan rate 5      for all samples. 

As observed for all samples, CS values were decreasing with increasing 

scan rates. At low scan rate, ions have enough time to utilized all electrode 

vacant sites and diffuse through it. This indeed increase the electrode active 

area and hence the CS will be higher. However, at higher scan rates, the 
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ions face difficulty to enter all vacant sites of the electrode. Hence, poorer 

rectangular shape and less CS is obtained [83]. The high concentration near 

the surface restricted the diffusion into the pores, because not all ions had 

enough time to penetrate the inner pores and participated in charging 

process [81, 84]. 

Table (4.1): Cs (   ) from CV for CNF/ GNP composite with different 

weight concentration of GNPs at different scan rates 

Specific capacitance CS (   ) 

Scan 

rate 

(    ) 

10% GNP 30% GNP 50% GNP 70% GNP 90% GNP 

5 47.0 74.8 89.1 102.2 119.7 

10 43.6 67.5 82.4 94.2 105.8 

20 40.3 60.4 71.8 80.8 85.2 

50 33.7 47.4 53.0 54.9 52.4 

100 25.6 34.6 35.4 35.5 33.0 
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Fig. 4.2: Comparison of CS at different scan rates for different concentration of GNPs. 
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For different concentrations of GNPs, CS was found to increase with 

increasing GNP in the composite electrode (Figure 4.3). The highest CS 

value achieved (for 90% of GNP) was 119.7 and 105.8     at low scan 

rates of 5 and 10     , respectively. On the other hand, at high scan rates 

(50 and 100     ), CS increased with GNP contents up to 70% and then 

decreases at 90% of GNP. This is explained (as will be shown later in this 

thesis) by SSA, PSD and ion sieving; depending on ion absorption on their 

size in the electrolyte [19, 55, 82]. 
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Fig. 4.3: Specific capacitance and GNP concentration at different scan rates. 

Figure 4.4 shows CV stability of the samples. The CS values were retained 

with 95% in the same range for the samples after 100 cycle at 100     . 

This indicates high stability, reversibility process and cycling life. 
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Fig. 4.4: Stability of CV at scan rate 100      for 100 cycle for CNF/ GNP composites with 

GNP weight percent of (a) 10%, (b) 30%, (c) 50%, (d) 70% and (e) 90%. 

4.1.2: Galvanostatic charge/ discharge (GCD) behavior 

The supercapacitive performance was also examined for CNF/ GNP 

composite at different concentration of GNPs by GCD method. Charge/ 
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discharge for the SC electrodes was carried out in the range of (0- 1 volt) at 

different constant currents of 30, 50, 80 and 100   . At constant current, 

the capacitance of SCs depends on the electric field caused by variation of 

the potential by time [6- 9]. GCD curves for the samples are shown in 

figure 4.5. From GCD method, charging/ discharging processes and drop in 

potential can be measured exactly. Triangular shapes were appeared in 

GCD curves, due to the symmetrical linear charge/ discharge regions, 

which indicates high reversibility because of high ions response to the 

variation of potential [25, 66]. 
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Fig. 4.5: GCDs for CNF/ GNP composites at different constant specific currents with GNP 

percentage weight of (a) 10%, (b) 30%, (c) 50%, (d) 70% and (e) 90%. 

As shown in figure 4.5, the slope of the curve (     ) was found to 

increase with increasing specific current. This is expected because with 

increasing currents the time which is needed for charge and discharge 

processes decreases, which is due to the high mobility of the ions [3, 66]. 
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Due to this, decreasing in CS values is expected as charge/ discharge 

current increased. This is consistent to CS values that was observed in CV 

measurements and was found to decrease with increasing scan rate (     ) 

[1, 18, 23, 25]. 
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Fig. 4.6: GCD comparison at specific current (0.42    ) of different concentration of GNPs. 

Figure 4.6 shows CS comparison at specific current 0.42     for all 

prepared samples. GCD areas increase with increasing GNP concentrations 

(      slope decreases), so CS values increase. The CS values for the 

samples were evaluated from equation (2.10) and are shown in table 4.2 at 

different current densities. CS values increase from 21.62 to 54.6     as 

GNP concentration increases from 10% to 90% at (0.42    ) specific 

current. This is because of increasing discharge time from 18.69 to 44.98 

sec. So, longer charge/ discharge process means slower process and more 

ions can participate in process which causes high CS value [66]. 
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Table (4.2): CS (   ) from GCD for CNF/ GNP composite with 

different concentration of GNPs at different specific currents 

Specific capacitance CS (   ) 

Specific 

current 

(   ) 

10% GNP 30% GNP 50% GNP 70% GNP 90% GNP 

0.43 21.6 32.6 42.2 51.3 54.6 

0.71 18.5 30.7 39.7 46.6 52.5 

1.14 17.0 25.1 31.9 35.5 39.0 

1.43 13.0 23.1 25.8 27.4 35.5 
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Fig. 4.7: CS for CNF/ GNP composites at different specific currents and different concentration 

of GNPs. 

The drop in potential (Vdrop) after charging process and before discharging 

process was due to the loss of the potential in ESR [1, 3, 16]. Figure 4.8 

shows the relation between the drop in potential with current. At all 

discharging current values Vdrop decreases with increasing GNP weight of 

concentration up to 70%, then it increases for 90%. The smallest observed 

Vdrop for 70% of GNP is due to the limited diffusion of the ions in the 

electrode/ electrolyte interface which depends on the type of pores and their 

volumes [18, 66]. For a good performance, it is essential to obtain the 
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smallest Vdrop which indicates the highest conductivity with the smallest 

ESR and hence the highest power density [6- 8].  

It is also observed that, in figure 4.8 the Vdrop increases with increasing 

current. This behavior is normal if Ohm's law (V= I R) is considered. The 

lowest Vdrop observed for sample of 70% GNP with Vdrop ranges from 0.06 

to 0.23 volt when current value changes from 30 to 100   . For the same 

current range, the highest Vdrop from 0.12 to 0.55 volt was for the sample of 

10% GNP. 

ESR can be calculated in this method from the linear relation of Vdrop and 

discharge current (Vdrop = I Rdrop) [16, 17, 19]. The calculated Rdrop (ESR) 

was 5.57, 4.15, 2.32, 2.14 and 3.68 Ω for CNF/ GNP composite with 10%, 

30% GNP, 50% GNP, 70% GNP and 90% GNP, respectively. So, the 

sample of 70% GNP has the lowest ESR (see figure 4.8). This points that 

the highest power density is for CNF/ GNP composite with GNP content of 

70%. 
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Fig. 4.8: Variation of voltage drop with discharge currents for different concentration of GNPs 

and shows the variation of ESR with percent content of GNP. 

The charge/ discharge cycling stability up to 1500 cycles was tested for the 

samples at constant specific current 1.43    . The values of CS almost 

constant from first cycle to the last one as shown in figure 4.9. This 

stability indicates that the composite is perfect to be used as SC with long 

life cycle.  
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Fig. 4.9: Charge/ discharge cycling stability at constant specific current (1.43    ) for 1500 

cycle for CNF/ GNP composites with different concentration of GNPs. 
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Power and energy densities can be evaluated by using equations (2.11) and 

(2.12) to construct Ragone plot (figure 4.10). We observed that both power 

and energy densities increase with increasing GNP weight concentration up 

to 70%, then they decrease for 90% concentration as shown in table 4. 3 

and figure 4.10. 

Power density depends on discharge current and discharge voltage 

difference (V) excluding Vdrop as shown in figure 2.3 [23]. At highest 

current, the sample which had the highest voltage (V) can achieve the 

highest power density. As expected for all samples the power density is 

observed to increase with increasing discharge current (see table 4.3 and 

figure 4.10). The highest power density was 1095.4      observed for 

sample of 70% GNP measured at 100    discharge current. 

Contrary to power density, maximum energy density can be obtained from 

the lowest discharge current (the highest discharge time) [18, 23]. As 

shown in table 4.3 and figure 4.10, the energy density is noticed to decrease 

with increasing discharge current. The maximum energy density was 5.26 

      observed for sample of 70% GNP measured at 30   . 

This result of maximum power and energy densities, for sample of 70% 

GNP, indicates that this concentration is the optimized concentration of all 

CNF/ GNP composites used in this study.  
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Table (4.3): Power density and energy density for CNF/ GNP 

composites for different GNP weight concentration measured at 

different discharging current 

% 

weight 

of GNP 

Power Density (    ) Energy Density (     ) 

 30 mA 50 mA 80 mA 100 

mA 

30 mA 50 mA 80 mA 100 

mA 

10% 243.4 351.6 404.9 528.3 2.32 1.79 1.51 0.87 

30% 372.9 558.2 718.0 816.0 3.17 2.49 1.45 1.04 

50% 396.0 617.1 890.3 1021.4 4.50 3.54 2.33 1.66 

70% 398.9 629.1 928.6 1095.4 5.26 3.93 2.36 1.56 

90% 404.0 618.2 853.8 957.0 5.05 3.35 1.57 0.88 
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Fig. 4.10: Ragone plot of power density against energy density for different concentration of 

GNPs at different discharging current. 

The efficiency (ղ) of the prepared SCs is evaluated by equation (2.14). All 

samples have a very good efficiency with small loss in energy (ղ= 0.88, 

0.98, 0.92, 0.83 and 0.95) for samples of 90% GNP, 70% GNP, 50% GNP, 

30% GNP and 10% GNP, respectively. 
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Hence, by GCD method, 70% GNP sample gave the highest energy 

density, the highest power density, the highest efficiency and the lowest 

ESR with high CS value. 

4.1.3: Electrochemical impedance behavior 

EIS was performed to investigate the electrochemical behavior of the 

prepared CNF/ GNP composite electrodes. ESR and CS were measured by 

applying small sinusoidal potential in the frequency range of 10     to 

100     [17]. The measured signal was sinusoidal AC with amplitude      

20   . 

Figure 4.11 shows Nyquist plot for the all samples. The values of CS in EIS 

method were calculated by using equation (2.18). The value of ESR is 

deduced from semi- circle of the Nyquist plot. Table 4.4 shows the values 

of CS, RS, RCT and ESR of the samples. 
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Fig. 4.11: (a) Nyquist plot for CNF/ GNP composite with different concentration of GNPs and 

(b) Nyquist plot for GNP sample 

As shown in figure 4.11, the size of semi- circle became smaller with 

increasing concentration of GNPs up to 70%, then became larger for 90%. 

Smaller semi- circle in the high- frequency region indicates smaller ESR 

value [17, 66]. Also, the straight line in Warburg region has different 

deviations by changing GNP concentrations due to more diffusion because 
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the ions move farther towards the pores. The deviation of the vertical line 

in the low- frequency region from the straight line in the mid- frequency 

region becomes less with increasing GNP weight up to 70% of GNP 

sample, then more deviation in the vertical line for 90% of GNP sample. 

Less deviation was related to nearly ideal capacitive response [6, 66, 70, 

71]. 

Table 4.4 shows the measured resistances. ESR values decreases with 

increasing concentration of GNPs until it reaches 0.632 Ω for 70% of GNP, 

then ESR increases to 1.26 Ω for 90% of GNP sample. The lowest ESR 

values indicate easy penetration and diffusion into the electrode surface    

[3, 17].  So, the conductivity of the prepared SC increased [3]. Therefore, 

sample of 70% GNP had the highest conductivity so highest power density 

is observed as mentioned in the previous section. 

Table (4.4): Resistances and CS comparison for CNF/ GNP composite 

with different weight concentration of GNP by EIS method 

Parameters 10% GNP 30% GNP 50% GNP 70% GNP 90% GNP 

CS (   ) 50.9 66.3 91.4 104.2 123.1 

RS (Ω) 0.398 0.346 0.372 0.317 0.911 

RCT (Ω) 1.082 0.625 0.336 0.315 0.379 

ESR (Ω) 1.480 0.971 0.708 0.632 1.260 

The electrolyte resistance (RS) had small values for all samples. Samples of 

10% GNP and 50% GNP had the same range value of RS which is about 

0.4 Ω. For 30% GNP and 70% GNP had the smallest value of RS which is 

about 0.35, 0.32 Ω, respectively. This indicates that 1M KOH aqueous 

electrolyte had high ionic conductivity [18]. So, the ions of the electrolyte 
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didn’t have constrains on movement and diffusion towards the pores into 

the electrode surface. However, sample of 90% GNP had the highest value 

of RS (0.911 Ω). This is due to its structure which limit the ions diffusion 

through it. 

Charge transfer resistance (RCT) values decrease with increasing GNP 

concentrations. RCT represents the charge transition between electrode and 

electrolyte, which depends on the diffusion towards or away the electrode 

surface [70, 71]. So, by increasing GNP concentrations, the ions can go 

deeply into the pores of the electrode surface to form the electrode/ 

electrolyte interface according to the pore volumes which were 

participating into the charging process [18]. The lowest RCT (0.315 Ω) was 

also for the sample with 70% GNP. 

The specific capacitance values for the prepared SCs depends on the 

frequency and the imaginary part of the impedance (equation 2.18) [6- 8]. 

The relation between CS and frequency was shown in figure 4.12 (a). As 

the frequency increases, CS values decrease. The highest value of CS was 

obtained for all samples at the lowest frequency value (0.01   ). This is 

due to the inversely proportional relation between the permittivity of the 

electrolyte and signal frequency [85, 86]; the permittivity was increased by 

decreasing frequency, so the electric field was also decreased. So the 

concentration of the ions also became less near the surface of the 

electrodes. But, because all the ions had enough time to penetrate and went 

deeply into the pores. CS values were increased [18, 85, 86]. Moreover, the 
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number of the ions which participated in charging SC were increased with 

increasing GNP concentration. Therefore, CS value was also increased, and 

hence higher energy density can be stored. The best capacitive performance 

was for 90% of GNP sample, the highest value of CS is 123.1     observed 

at 0.01   . 

The time constant (τ) for the samples can then be calculated from equation 

(2.19). It was 6.78, 4.56, 4.53, 4.6 and 10.24 s for 10% GNP, 30% GNP, 

50% GNP, 70% GNP and 90% GNP, respectively. All samples had a good 

capacitive response. 30% GNP, 50% GNP and 70% GNP had the smallest 

time constant so they had the smallest time needed for charge/ discharge 

process. 

Sinusoidal current was resulted with phase shift due to the applied 

sinusoidal potential at the same frequency. Phase angle determined 

mathematically by determining the real and the imaginary parts of 

impedance (          [70, 71]. Figure 4.12 (b) shows the variation of 

phase angle with frequency (Bode plot). As the frequency decreased, the 

phase angle increased. For resistor behavior at high frequency, the phase 

angle must approach zero (     [17, 70]. 

The phase angle was found to decrease with increasing GNP concentrations 

up to 50%, then increased for 70% and 90%. At 100    , the phase angle 

was (                                       ) for 10% GNP, 30% 

GNP, 50% GNP, 70% GNP and 90% GNP, respectively. The highest phase 

angle was obtained at the lowest frequency value. As the phase angle 
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approach (    ) the capacitive behavior becomes dominant as for ideal 

capacitor the impedance is    
 

     
 [17, 18]. At 0.01   , the capacitive 

behavior for 10% GNP and 90% GNP were in the same range 

(                  ), respectively. And the best capacitive 

performance was for 30% GNP, 50% GNP and 70% GNP samples, the 

phase angle for them approached                          , 

respectively. 

 

Fig. 4.12: comparison for all samples by EIS (a) specific capacitance and (b) phase angle as a 

function of logarithm of frequency. 
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Figure 4.13 (a) shows the real part of impedance as a function of logarithm 

of frequency. Electrolyte and charge transfer resistances can be obtained 

from this plot. The lowest value of ESR was at the highest frequency value 

(100    ) which represented the electrolyte resistance which was about 0.3 

Ω for 10% GNP, 30% GNP and 50% GNP samples, then ESR value 

increased to about 0.7 Ω for 70% GNP and 90% GNP samples. When the 

value of the frequency achieved (316.46   ) sharp increase in the real part 

of the resistance for 10% GNP sample relative to the others. This is due to 

its dominant CNF structure. At 0.01 Hz resistance reached 9.2, 6.32, 4.5, 

4.2 and 5.52 Ω for 10% GNP, 30% GNP, 50% GNP, 70% GNP and 90% 

GNP, respectively. Decreasing the value of the frequency means increasing 

the time which is needed for ions to penetrate the pores. So, the number of 

the ions which participate into charge/ discharge processes increases which 

leads to fill some type of pores easier, but some of them needs more time 

for ions to go deeper into them, hence, the ions move longer displacement 

and diffusion layer increases within the electrolyte. This causes low 

conductivity and high ESR [18, 39, 85]. For 70% GNP sample the ions that 

penetrate into the pores more than the other samples so its resistance was 

the lowest (this will be explained later in the next section of this chapter). 

Figure 4.13 (b) shows the inverse relation between the imaginary part of 

the impedance and frequency. At high frequency, the imaginary part of the 

impedance decreases until it reaches zero (resistor behavior) [70, 71]. As 

expected, the behavior of samples follows ideal capacitor behavior; when 

the frequency value decreases the imaginary part of the impedance 
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increases until it reaches           [17]. At 100    , the imaginary part 

is (                                   , then at 10     it 

reaches (                                     for 10% GNP, 30% 

GNP, 50% GNP, 70% GNP and 90% GNP, respectively. The transition 

between resistor and capacitor behaviors can be explained by determining 

knee frequency (  ) which is at    . At this angle, one can evaluate the 

relaxation time (  ) which is important for determination of capacitor 

performance [6- 8]. For the frequency values which are larger than the knee 

frequency, SC behaves as pure resistor, and for the values of frequency 

smaller than the knee frequency, SC behaves as pure capacitor. If SC 

transition from resistor to capacitor behavior occurred at high frequency, it 

means that the SC had small relaxation time and had a good capacitor 

performance [18]. Relaxation time was 4.24, 1.48, 0.886, 1.028 and 0.811 s 

for 10% GNP, 30% GNP, 50% GNP, 70% GNP and 90% GNP, 

respectively. All samples show relatively small relaxation time so they can 

transfer from resistor to capacitor behavior much faster and hence they 

have good capacitive performance. 
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Fig. 4.13: (a) Real and (b) imaginary parts against log of frequency, respectively for all 

samples. 

As discussed in this section, 70% of GNP sample had the smallest ESR, 

small τ, fast ion response and optimized high value of CS. Which indicates 

a very good capacitive behavior. So, it can achieve a very high power 

density due to its small ESR. And it can store high energy density due to its 

high specific capacitance value. These results from EIS method were 

complementary to CV and GCD results. 
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The object of enhancing the performance of SC was achieving high power 

density, high energy density, small ESR, small time constant, fast transition 

to capacitor behavior while keeping CS value as high as possible. These 

properties had best values and optimized for CNF/ GNP composite with 

70% weight concentration of GNP. This composite have high power 

density of             , high energy density of           , high 

specific capacitance of           , small ESR of         and high 

efficiency of    . 

These results of CNF/ GNP composite with 70% weight concentration of 

GNP enhanced the specific capacitance value of the SC which is based on 

CNF electrodes and the ones which is based on GNP. The specific 

capacitance value of CNF electrodes reached       at scan rate        

[18]. For GNP electrodes in 1M KOH achieved          at scan rate 

       (figure 4.1 (f)). As expected, CNF/ GNP composite store more 

energy density relative to SC based on CNF electrodes alone and GNP 

electrodes alone, which have limited energy density, that is around 

          for CNF [18], and           for GNPs. However, CNF has 

small ESR (about      ) due to its high conductivity, hence, it can reach a 

very high power density (         ) [18]. On the other hand, GNPs have 

very high value of ESR, which is around     (figure 4.11 (b)) measured by 

EIS method. This reason of small power density of GNP sample which 

reaches the maximum value of           . So, adding CNFs to GNPs 

decreases ESR value of GNP which causes an increase in the value of 

power density. 
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4.2: Structural, morphological behavior and pore texture 

The SSA, pore volume and PSD of CNF/ GNP composite with different 

concentrations of GNP which were used as SC electrodes were investigated 

by different techniques. The achieved electrochemical results can be 

explained based on SSA and PSD. The following sections show the results 

and discussion of the samples which were used in this thesis. 

4.2.1: Structural and morphological behavior 

The surface morphology and structure of the prepared electrodes were 

examined by SEM (Jeol J- 7100) and TEM (Jeol 2011). Figures 4.14 and 

4.15 show SEM and TEM results for all samples. 

 

Fig. 4.14: SEM images for CNF/ GNP composites with different concentration of GNP (a) 10% 

GNP, (b) 30% GNP, (c) 50% GNP and (d) 70% GNP. 
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Fig. 4.15: TEM images for CNF/ GNP composites with different concentration of GNPs (a) 

10% GNP, (b) 30% GNP, (c) 50% GNP and (d) 70% GNP. 

SEM shows the external structure for CNF/ GNP composites with different 

concentration of GNP (figure 4.14). The intrinsic structure for the samples 

were examined by taking cross- section of the samples with high 

resolution, TEM (figure 4. 15).  As shown in figures 4.14 and 4.15, CNF 

structure had cylindrical shape, and GNP had planer structure like sheet 

texture. The cylindrical CNFs arranged between the layers of GNPs. As 

shown in SEM and TEM images, as GNP concentration increases the 

structure of CNF/ GNP composite trends from cylindrical fiber shape 

dominant to sheet shape dominant. Due to this SSA increased as expected. 
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CNF/ GNP composites contain different pore sizes which decrease with 

increasing GNP concentration as observed from TEM images (figure 4. 

15). The material becomes denser, because of this the ions of the 

electrolyte can move easier through the pores of the material, as will 

discussed later in the next section of this chapter [19, 86]. 

4.2.2: Pore texture of electrode materials 

The SSA and PSD of CNF/ GNP composite for the prepared electrodes 

were obtained by using N2 adsorption/ desorption isotherms by using BET 

analyzer (TriStar 3000 V6. 04A). SSA of the electrodes was calculated by 

BET method, while PSD was determined by BJH desorption, MP and 

Harkins- Jura methods. 
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Fig. 4.16: (a) Nitrogen isotherms and (b) SSA from BET plot for CNF/ GNP composites with 

different concentration of GNPs. 

Figure 4.16 (a) shows Nitrogen adsorption/ desorption isotherm for 

different concentration of GNPs. The quantity adsorbed (in 
   

 
    ) 

denoted to the adsorbed volume. As shown in figure 4. 16 (a), the adsorbed 

quantity was increased as relative pressure on the sample. This is due to 

increase the force on nitrogen molecules. Nitrogen adsorption/ desorption 
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isotherm (figure 4.16 (a)) presented a small hysteresis loop in the middle 

range of relative pressure (0.4- 0.9). According to IUPAC, all samples were 

ΙV type [6- 8]. This indicates that mesopores with cylindrical shape are 

contained in the samples [6, 7]. The bending in the beginning of the curves 

near the origin indicate that micropores are also contained in the sample 

[73- 75]. 

Total pore volume (Vtot) is calculated from the quantity of adsorbed 

nitrogen measured at relative pressure unity (
 

  
       ) [72- 74]. Vtot 

was decreased as GNP concentration increased from 10% to 30%, then it 

increased as GNP concentration increased up to 70% GNP sample, then 

decreased again for 90% GNP sample (see table 4.5). For converting the 

quantity adsorbed from gas state (   
   

 
      to liquid state (   

   

 
), one 

must multiply the quantity adsorbed by 0.001547 according to: 

  
 

  
 

   

  
 

    

    
      (

  

    
)                                                      (4.1) 

 Or      
 

  
 

         

  
                                                                           (4.2) 

Where   is the volume,    is liquid nitrogen density (          ),   is the 

number of moles,   is the molecular weight,      is the adsorbed volume, 

   is liquid nitrogen volume             ,       is the standard gas 

volume (             and      is the STP density of nitrogen           

(             ). 
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The values of the total pore volume are listed in table 4.5. Which was 

varied from                     for GNP concentration from 10% to 

30%, then increased up to            for 70% GNP sample, after that 

decreased for 90% GNP (           . The arrangement of CNFs between 

the layers of GNPs caused a decrease in the volume could be attributed to 

closing the pores for 30% GNP and 90% GNP samples. 

Table (4.5): Physicochemical parameters of the samples 

Parameter 10% GNP 30% GNP 50% GNP 70% GNP 90% GNP 

SSA (    ) 271.27 257.76 423.29 528.52 665.93 

Sultra- micro 

(    ) 
73.50 67.99 104.70 542.13 673.90 

Smicro ( 
   ) 50.50 46.80 71.11 138.94 148.93 

Smeso ( 
   ) 215.90 215.94 328.22 358.28 450.18 

Smacro ( 
   ) 24.27 11.64 18.33 29.27 12.81 

Sext ( 
   ) 220.77 210.96 352.18 389.58 481.15 

Vtot (  
   ) 1.22 0.86 1.29 1.72 1.33 

Vultra- micro 

(     ) 
0.0232 0.0215 0.0354 0.2341 0.2868 

Vmicro (  
  

 ) 
0.0225 0.0208 0.0313 0.0614 0.0813 

Vmeso (  
  

 ) 
0.5508 0.5371 0.7433 0.7581 0.8837 

Vmacro (  
  

 ) 
0.6413 0.2865 0.4805 0.8798 0.3324 

CS (   ) 47.0 74.8 89.1 102.2 119.7 

Smicro, Vmicro micro area and volume form t- plot (larger than 0.7 nm). 

Sultra, Vultra ultra micro area and volume from MP method (smaller than 0.7 nm). 

Smeso, Smacro, Vmeso, Vmacro meso and macro areas and volumes from BJH desorption 

method. 

Sext external area from t- plot. 

CS specific capacitance from CV at scan rate 5 mV/s. 
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SSA was extracted from the linear BET plot (figure 4.16 (b)) in the range 

of (0.002- 0.2) relative pressure. SSA was calculated according to equation 

(2.15) [73, 74]. For converting the monolayer quantity adsorbed from STP 

(in 
   

 
    ) to (

   

 
) by dividing it by          . As listed in table (4.5), 

the increase in SSA was (      ) with increasing GNPs concentration 

except 30% GNP sample. 90% GNP sample had the largest SSA which is 

            and the smallest SSA is for 30% GNP sample which is 

           . So, increasing SSA and total pore volume were due to 

adding GNPs which didn’t block pores, unlike adding polymers which 

decrease porosity [49]. 

Meso and macro volumes and areas were investigated by BJH desorption in 

diameter range (             ). However, this method can't identify 

micropores because Kelvin equation isn’t valid for narrow pores [6- 8, 11]. 

Incremental volumes were calculated according to the thickness of the 

adsorbed layer at each relative pressure [74]. Incremental meso volume 

evaluated in (18- 496.5   ) diameter range, and incremental macro 

volumes (623.8- 2532.7   ) diameter range. Cumulative meso volumes 

were increased from (                        as GNP concentration 

increased from 10% to 90%. However cumulative macro volumes were 

decreased from                        when GNP concentration 

increased from 10% to 30%, then increased up to 70% of GNP 

concentration (up to              . After that macro volume decreased 

for 90% GNP sample which reached             . Also, cumulative 

meso areas were changed from                      for increasing GNP 
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from 10% to 90% weight. Cumulative macro areas were changed similarly 

as cumulative macro volumes for the samples, the largest macro area was 

           for 70% GNP sample as also listed in table 4.5. 

Harkins and Jura method was used to determine micro volume and area 

[76]. Figure 4.17 shows t- plot, the relation between the quantity adsorbed 

and thickness in the range of (           ). All samples didn’t pass through 

the origin and the curves were bent near the origin which indicates that 

micropores existed in the materials [76- 79]. Y- intercept of the plot was 

denoted to micropore volume (Vmicro) after multiplying the quantity 

adsorbed by (0.001547) for converting. Micropore volumes increased with 

increasing GNP concentration as listed in table 4.5. The values of micro 

volumes increased from                        for 10% GNP to 90% 

GNP. At high pressure, the slope of the line is used to calculate the external 

area, the slope is multiplied by (15.47) to convert the area from (
   

    
    ) 

to (    ). As shown in table 4.5, small decrease from 

(                     )  in external area with increasing GNP from 10% 

to 30% was observed, then increased up to             for 90% GNP 

sample. Micro areas were calculated by subtracting external area from 

SSA. Micro area was varied from                     with increasing 

GNP concentration from 10% to 90%. 
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Fig. 4.17: t- plot for CNF/ GNP composite with different concentrations of GNP. 

The micropores (smaller than 0.7 nm) which didn’t detect in t- plot was 

distinguished by MP method which is an extension to the t- plot method in 

the range of (           ) hydraulic radius [79]. These micro pores are 

called ultra- micropores. As illustrated in table 4.5, the first three samples 

had the same range of ultra- micro volume                         . 

Then, an observed increased in ultra- micro volume for 70% GNP and 90% 

GNP samples which was                       , respectively. Ultra- 

micro area had a small decrease by increasing GNP from 10% to 30% 

weight. After that it was increased up to            for 90% GNP sample. 

The SSA deviated from the sum of micro, meso and macro areas. This 

indicates presence of ink- bottle pores which was not detected [87]. SSA 

depends on the accuracy of the used method. BET method which was used 

for calculations gave very close value to the total area.  
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The distribution of the pores depends on the size of pores, and independent 

of the external area [88]. PSD was determined after calculating pore 

volumes and areas. The diameter of the pores was distinguished from BJH 

desorption, t- plot and MP methods [6- 8]. 

BJH desorption of (
  

     
) plot was used to determine PSD of mesopores 

and macropores. Figure 4.18 shows the dominate mesopores and 

macropores in the samples. The first three samples had the same range pore 

diameter in the range of (           ). 70% GNP sample had three 

peaks in the plot: the first peak in the range of (            ), the 

second peak in the range of (            ) and the third peak in the 

range of (                ). However, 90% GNP had two peaks: the 

first one in the range of (             ) and the second one in the range 

of (               ). All samples had dominate mesopores with small 

diameter (     ). But, the sample of 90% GNP had mesopores larger 

than the other samples. On the other hand, 70% GNP sample had 

dominante macropores in addition to the mesopores. 
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Fig. 4.18: PSD for CNF/ GNP composites with different concentration with GNPs by BJH 

desorption 
  

      
. 

The average BJH diameter (
      

    
) decreases from (                     

when GNP concentration increases from 10% to 50%, then it increases to 

(       ) for 70% GNP sample. After that, it decreases again for 90% 

GNP sample (         ) as listed in table 4.6. 

The average pore hydraulic radius (
      

      
) is calculated from MP method. It 

increases with increasing GNP concentration. The average pore hydraulic 

radius for 10%, 30% and 50% weight concentration of GNP is       , but 

it increased to        for 70% GNP and 90% GNP samples as listed in 

table 4.6. 
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Table (4.6): Pore size and pore volume percentage for CNF/ GNP 

composites with different GNP concentration 

Sample Diameter 

by BJH 

method 

(nm) 

Hydraulic 

radius 

MP 

method 

(nm) 

Average 

pore 

width 

(nm) 

Pmicro 

(%) 

Pultra 

(%) 

Pmeso 

(%) 

Pmacro 

(%) 

10% 

GNP 
19.8535 0.315 18.0579 1.84 1.89 44.97 52.37 

30% 

GNP 
14.475 0.3155 13.2736 2.44 2.51 62.8 33.5 

50% 

GNP 
14.1249 0.3385 12.1952 2.43 2.75 57.6 37.23 

70% 

GNP 
16.9062 0.4319 13.0345 3.56 13.59 44.02 51.09 

90% 

GNP 
10.5064 0.4256 7.988 6.11 21.56 66.44 24.99 

Pmicro = Vmicro/ Vtot *100%, Pultra = Vultra/ Vtot *100%, Pmeso= Vmeso/ Vtot*100%, Pmacro= 

Vmacro/ Vtot *100% 

BJH diameter= 4 volume/ area from BJH desorption method; volume= Vmeso+ Vmacro 

and area= Smeso+ Smacro 

Average pore hydraulic radius= Vultra/ Sultra from MP method 

Average pore width= 4 Vtot/ SSA from BET 

The average pore width was measured by (
      

   
), which decreases with 

increasing GNP concentration up to 50% which was (         ). But it 

increases (          ) for 70% GNP sample, then it decreases again for 

90% GNP sample which reaches (       ). As observed from table 4.6, 

the average pore width decreases with increasing SSA. This explains why 

90% GNP sample had the smallest average pore width. 
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As expected from nitrogen isotherms, all samples contained mesopores 

which was proved by calculating the average pore width and the average 

BJH pore diameter. The dominant pore for 30% GNP, 50% GNP and 90% 

GNP was mesopores, which had 62%, 57.6% and 66%, respectively 

relative to the total pore volume for each sample. However, macropores 

were dominant for 10% GNP and 70% GNP, with values 52.37% and 

51.09%, respectively. 

The specific capacitance values increase with increasing GNP 

concentrations due to increase SSA and decrease pore size because the pore 

size of ultra- micropore are more compatible with ions sizes (      ) 

[18, 19, 49]. Therefore, CV results can be explained as following: at low 

scan rates all pores contributed in charge and discharge processes. So, the 

sample which had the highest SSA, meso, micro and ultra- micropores gave 

the highest values of CS which was for the 90% GNP sample. However, at 

high scan rates, only meso and macro pores with high total pore volume 

and high accessible area had the highest contribution on charging process 

because not all ions have enough time to penetrate all pores. These reasons 

explain the decrease in CS values for 90% GNP sample and why 70% GNP 

sample had the highest CS values at 50 and 100     . 

Also, by GCD method the sample of 90% weight concentration of GNPs 

has the highest values of CS at different specific currents, because it 

contains high SSA and high micropores which match the size of the ions. 

So, the number of ions which penetrate into the pores increases, hence, 
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more time is needed to fill high number of the pores. This means that 

longer charge/ discharge processes which causes an increase in specific 

capacitance. 

As observed in EIS method, at high frequency region, ESR values decrease 

with increasing GNP concentration up to 70% of GNP weight, then it 

increases for 90% GNP samples. This is due to the dependence of ESR 

value on pore volume, variety of pore types and PSD. ESR value decreases 

with increasing pore size, and decreases with increasing the number of 

accessible pores [17, 19, 80], this explains the smallest value of ESR for 

70% GNP sample. However, 90% GNP sample has more micropores which 

will fill faster relative to the other types of pores, according to the 

following equation,       ; where L is the ion transport length and D is 

the ion transport coefficient. For this reason, part of ions penetrates easier 

into the micropores while the rest ions face difficulties to penetrate the 

other types of pores due to collisions between them because of the 

randomly movement and part of the pores are accessible because they do 

not have enough time to fill all pores, this causes increasing the ESR value 

[17, 18]. On the other hand, at low frequency region, the resistance values 

increase for the samples because the ions can go deeper into all pores to fill 

meso and macropores into the electrode surface because they have enough 

time for penetration. Furthermore, the CS value increases with decreasing 

frequency values which reaches its highest value at the lowest value of  

frequency because all pores contribute on charge/ discharge processes.  
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Chapter Five 

Conclusion 

We have successfully prepared symmetrical SC based on binder- free- 

electrodes with different contents of CNFs and GNPs. Firstly, we have 

studied the electrochemical characterization by using different methods: 

CV, GCD and EIS methods. Secondly, we have studied the structure, 

morphology and PSD for the prepared electrodes by using BET, BJH, 

Harkins- Jura and MP methods. The structural behavior is used to explain 

the electrochemical behavior of the CNF/ GNP composites. 

The CS value was found to increase with increasing GNP weight 

concentration, this is due to increase SSA, meso, micro and ultra- 

micropore areas and volumes. The highest value of CS was for 90% GNP 

sample, which achieved 119.7     at scan rate of 5     ,          at 

         specific current and           at        by CV, GCD and EIS 

methods, respectively. This is due to its high SSA of 665.93      and 

shorter diffuse length of ions because of its small pore size relative to the 

other samples. 

Adding different amount of GNPs to CNFs also effect on the conductivity 

of the prepared electrodes. The weight concentration of GNP which gives 

the smallest ESR value of 0.632   was 70%. This is explained according to 

its high total pore volume of 1.72      , high macropore volume, high 

number of pores and variety of PSD. So, more accessible pores are 

available for the ions to move freely into pores. 
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Ragone plot was constructed by calculating power and energy densities for 

CNF/ GNP composites at different specific currents. The highest power and 

energy densities were for 70% weight concentration of GNPs due to its 

small ESR value, small voltage drop value and high discharge time. The 

highest power density was 1095.4      at high current of 100   , while 

the highest energy density was 5.26       at current of 30   . 

As expected CNF/ GNP composites had enhanced the properties of SC. 

The aim was to achieve small ESR to increase the power density and 

achieve high CS to increase the energy density. The influence of adding 

GNPs was increasing SSA, total pore volume and increasing ultra- 

micropores. These reasons increased the CS values of CNF/ GNP 

composites, hence, the energy density increased. Also, GNPs join CNFs 

together without blocking the pores like adding polymers. However, adding 

CNFs had the influence on decreasing ESR value of GNPs, hence, the 

power density increased. 

For more performance, the best concentration of CNFs and GNPs can be 

used by different aqueous electrolytes or by using gel electrolyte to choose 

the best electrolyte which will give the best power and energy densities. 
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 الممخص

يتكون من أقطاب مركبة متوازية تم تحضيره باستخدام  الذيالمثالي  المواسعالأطروحة،  ىذهفي 
النسب من ألياف النانو كربون:  ىذهتراكيز مختمفة من ألياف النانو كربون وصفائح النانو جرافين. 

٪، بالترتيب من خلال زيادة 00٪ : 10٪ الى 10٪ : 00صفائح النانو جرافين تم تغييرىا من 
 ٪ في كل مرة.20

الخصائص الالكتروكيميائية  تم تفسيرىا من خلال قياس الجيد الدوري، طريقة الشحن والتفريغ 
 مول( ىيدروكسيد البوتاسيوم. 1وطريقة قياس المقاومة الاكتروكيميائية باستخدام المحمول المائي )

الى  47,0انت تتزايد مع زيادة تركيز صفائح النانو جرافينز بحيث زادت من قيم كثافة السعة ك
٪ عند معدل التنقل 00٪ الى 10فاراد/غرام عندما زادت كمية صفائح النانو جرافين من  119,7

 ممي فولت/ثانية باستخدام طريقة قياس الجيد الدوري. 5

كثافة القدرة وكثافة الطاقة تم حسابيا من خلال طريقة الشحن والتفريغ. قيم كثافة القدرة وكثافة 
٪، ثم قمت عند 00الطاقة ازدادت مع زيادة تركيز صفائح النانو جرافين حتى وصمت النسبة الى 

واط  1095,96الى  528,33٪. كثافة القدرة زادت من 00زيادة تركيز صفائح النانو جرافين الى 
واط ساعة /كغم،  5,26الى   2,32واط /كغم. كثافة الطاقة زادت من 059،00/كغم، ثم قمت الى 

 واط ساعة/ كغم. 5.,5ثم قمت الى 



 ج 

، المقاومة المكافئة تم حسابيا باستخدام طريقة قياس المقاومة الالكتروكيميائية، بحيث أن قيم ″أخيرا
٪، ثم ازدادت 70ح النانو جرافين حتى أصبحت النسبة المقاومة المكافئة قمت مع زيادة تركيز صفائ

 0.632الى  1,48٪. المقاومة المكافئة قمت من 90عندما زادت نسبة صفائح النانو جرافين الى 
Ω  26.,1ثم ازدادت الى Ω  00عندما أصبحت نسبة صفائح النانو جرافين.٪ 

المركب تم تحسينو من ناحية كثافة السعة، كثافة القدرة، كثافة الطاقة والمقاومة المكافئة كانت 
ا ذھ٪ من الياف النانو كربون: صفائح النانو جرافين. حيث أن 70٪ : 30لممركب المكون من 

، Ω 0,632واط ساعة/ كغم و 5,26واط /كغم،  1095,43فاراد/غرام،  102,2المركب يمتمك 
 يب.بالترت

كثافة مساحة السطح، توزيع حجم المسامات وخصائص السطح لممركبات المحضرة تم شرح 
جورا  -ىالندا، ىاركنز -جونر -تيمر، بارت -ايميت -خصائصيا باستخدام الطرق التالية: برونر

 ومجير المسح الالكتروني.

ث أنيا زادت من قيم كثافة مساحة السطح ازدادت مع زيادة تركيز صفائح النانو جرافين. بحي
 ٪.90٪ الى 10/غرام عندما تغيرت نسبة صفائح النانو جرافين من ۲م 665,93الى  271,27

٪، ثم قل 70الحجم الكمي لممسامات زاد مع زيادة تركيز صفائح النانو جرافين حتى أصبحت 
 /غرام، ثم قل٣سم 1,72الى  1,22٪. الحجم الكمي لممسامات زاد من 90عندما أصبحت النسبة 

 /غرام.٣سم 1,33الى 

المسامات التي حجميا مايكرو)مجيرية(، فائقة المجيرية والمتوسطة الحجم زادت مع زيادة نسبة 
 0,28الى  0,023٪. المسامات المجيرية زادت من 90٪ الى 10صفائح النانو جرافين من 

/غرام والمسامات المتوسطة الحجم ٣سم 0,08الى  0,023/غرام، وفائقة المجيرية زادت من ٣سم
 /غرام.٣سم 0,88الى  0,55زاد حجميا من 



 د 

٪ الى 10، حجم المسامات الكبيرة )الماكرو( قمت مع زيادة نسبة صفائح النانو جرافين من ″أخيرا
/غرام. ثم ازدادت الى أن أصبح تركيز صفائح النانو ٣سم 0,29الى  0,64٪ بحيث قمت من 30

عندما أصبح تركيز  ″/غرام، ثم قل الحجم مجددا٣سم 0,88الحجم الى  ٪ بحيث زاد70جرافين 
 /غرام(.٣سم 0,33٪ )90صفائح النانو جرافين 

أفضل المركبات التي تم تحضيرىا التي تمتمك أفضل خصائص لمسطح عندما كانت نسبة صفائح 
لممسامات الكبيرة ٪ بحيث أنيا تمتمك أعمى حجم كمي لممسامات، أعمى حجم 70النانو جرافين 

تمتمك كثافة مساحة السطح، حجم المسامات المجيرية )الميكرو(، حجم  ″)الماكرو(، وأيضا
ا المركب يمتمك ذھ. حيث أن المسامات فائقة المجيرية وحجم المسامات المتوسطة عالية نسبيا  

ام، /غر ٣سم 0,78/غرام و٣سم 0,0614 /غرام،۲م 528,52 /غرام،٣سم 0,88/غرام، ٣سم 1,72
 بالترتيب.
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