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Abstract 

 

Supercapacitors, also known as ultracapacitors or electrochemical capacitors, are considered 

one of the most important subjects concerning electricity or energy storage which has proven 

to be problematic for South Africa. In this work, graphene oxide (GO) was supported with 

platinum, silver and copper nanoparticles anchored with dodecylbenzenesulphonic acid 

(DBSA) doped polyaniline (PANI) to form nanocomposites. Their properties were 

investigated with different characterization techniques. The high resolution transmission 

electron microscopy (HRTEM) revealed GO‘s nanosheets to be light, flat, transparent and 

appeared to be larger than 1.5 µm in thickness. This was also confirmed by high resolution 

scanning electron microscopy (HRSEM) with smooth surfaces and wrinkled edges observed 

with the energy dispersive X-ray analysis (EDX) confirming the presence of the functional 

groups such as carbon and oxygen. The HRTEM analysis of decorated GO with platinum, 

silver and copper nanoparticles (NPs) revealed small and uniformly dispersed NPs on the 

surface of GO with mean particle sizes of 2.3 ± 0.2 nm, 2.6 ± 0.3 nm and 3.5 ± 0.5 nm 

respectively and the surface of GO showed increasing roughness as observed in HRSEM 

micrographs. The X-ray fluorescence microscopy (XRF) and EDX confirmed the presence of 

the nanoparticles on the surface of GO as platinum, silver and copper which appeared in 

abundance in each spectra. Anchoring the GO with DBSA doped PANI revealed that single 

GO sheets were embedded into the polymer latex, which caused the DBSA-PANI particles to 

become adsorbed on their surfaces. This process then appeared as dark regions in the 

HRTEM images. Morphological studies by HRSEM also supported that single GO sheets 

were embedded into the polymer latex as composite formation appeared aggregated and as  

bounded particles with smooth and toothed edges. Fourier transform infrared spectroscopy 

(FTIR) of GO shows the respective vibrational bands  of O-H stretching vibrations at 3434 
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cm
-1

, C–O (carboxylic acid and carbonyl moieties) at 1736 cm
-1

 and the graphitic domains of 

C–C at 1635 cm
-1

 and C=C-O at 1392 cm
-1

.  The band at 980–1250 cm
-1

 contains the C–O 

(1040 cm
-1

) and the O–H (1227 cm
-1

) deformation, respectively, of carboxylic acid groups. 

Anchoring GO with DBSA doped PANI revealed broad adsorption band  t   3144 cm
-1

 

attributed to polyaniline N-H stretching vibrations and two vibrational peaks centered at 1557 

and 1464 cm
-1

 attributed to the stretching frequencies of quinoid and benzenoid rings of 

polyaniline. The band produced at 1297 cm
-1

 belongs to the C-N stretching of secondary 

amide group and the band that appear at 1135 cm
-1

 was attributed to the in-plane bending of 

the C-H bond and bands at, 1044 and 1004 cm
-1

 were due to SO3
-
 group (O=S=O and S-O 

stretching) of DBSA. X-ray powder diffraction (XRD) of GO revealed a very sharp 

diffraction band (001) appearing at 2θ = 11.08° and this band indicates that AB stacking 

exists in GO with larger interlaying spacing. The decoration of GO with NPs revealed 

diffraction peaks at 39.5°, 46.0° and 67° indexed to the (111), (200) and (220) diffraction 

planes of metallic Pt, Ag and Cu, respectively. These diffraction bands fall in line with the 

angles found in the Joint Committee on Powder Diffraction Standards (JCPDS). Raman 

spectroscopy of GO revealed a D band at (1346 cm
-1

) which is a second-order overtone of a 

different in-plane vibration and corresponds to defects within the sp
2
 network, a G band at 

(1595 cm
-1

) and a 2D band at (2689 cm
-1

) attributed to primary in-plane vibrational mode. 

However, the GO loaded with nanoparticles displays a decrease in intensity ratio of D/G 

(0.85) compared to that of GO (0.95) due to the increase in intensity of the G band. This 

indicates a decrease in average size of sp
2
 domain upon the reduction of GO. Meanwhile, the 

D and G bands of the decorated GO exhibited a shift toward lower frequencies as observed 

from the nanocomposites. Electrochemical properties of GO were characterized by cyclic 

voltammetry (CV) which revealed that GO shows an ideally capacitive behavior. Capacitance 

of GO could also be determined from the CV graphs and was determined to be 180 F g
-1
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which falls between the ranges of 100–200 F g
-1

 found in literature. The composites were 

tested for application as suitable supercapacitor materials and specific capacitances were 

determined as 227.2, 206.4 and 192.8 F g
-1

 which correspond to GO/Pt/DBSA-PANI, 

GO/Ag/DBSA-PANI and GO/Cu/DBSA-PANI, respectively. GO decorated with platinum 

nanoparticles showed good response and consistent results throughout the work. This is due 

to platinum being a good conductor and that it can resist high temperatures. Therefore it was 

highly expected that GO decorated with platinum nanoparticles will exhibit good results.  
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Chapter 1 

 

Introduction 

 

Summary 

 

Storage is one of the most important issues recently faced in electrostatic field. Fossil fuels 

are considered non-renewable due to the fact that they take millions of years to be 

reproduced even though they are continually being naturally formed. Known reserves are 

being depleted quicker than the ones being formed and with these fossil fuels reducing to 

lower levels and the world facing global warming, alternative sources of energy need to be 

devised. Wind and solar energy are not so effective due to the need to harness their energies 

when the wind and the sun are on, therefore, other energy storage technologies such as 

electrochemical capacitors, batteries, fuel cells need to be built and harvested. This work’s 

main focus is on supercapacitors (electrochemical capacitors). This chapter gives the 

background details on high power density energy storage devices such as supercapacitors, 

what they are, their significant importance on energy storage, how energy is stored, 

advantages and their disadvantages over other energy storage devices such as batteries, fuel 

cells and conventional capacitors. This chapter also covers all the favorable and unfavorable 

aspects of supercapacitors on the environment and their applications. Other important 

features of supercapacitors such as materials for supercapacitor electrodes are discussed. 

Furthermore, the motivation and rationale of this work, the aim and objectives, the research 

framework and investigation outline are discussed.   
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1.1 Research Background 

1.1.1 What are supercapacitors?  

 

Supercapacitors are electrical energy storage devices that store and discharge energy at the 

electrochemical interface. This storing and charging of energy occurs between the electrolyte 

and electrode. They are storage devices with very high capacity and low internal resistance 

and are able to store and supply energy at relatively higher rates as compared to other energy 

storage devices such as batteries, fuel cells and conventional dielectric capacitors. This is due 

to the simple charge separation at the interface between the electrode and the electrolyte 

which is a mechanism of charge storage and to the chemical processes of energy storage 

involving a simple charge separation at the electrochemical interface between the electrode 

and electrolyte (Iro et al., 2016). Supercapacitors have attracted a substantial amount of 

attention due to their wide potential in electric vehicles, power back-up in mobile phones, 

laptops, radio tuners, digital cameras, iPhones, tablets etc., power back-up for UPS 

applications and other high-power apparatuses. According to the mechanism of energy 

storage, supercapacitors are classified into (i) electrical double-layer capacitors (EDLCs) that 

utilize carbon based materials, (ii) Faradaic pseudo-capacitors that utilize metal oxides and/or 

conducting polymers and (iii) hybrid capacitors that utilize both carbon based materials and 

metal oxides and/or conducting polymers (Simon & Gogotsi, 2009). Each category is 

characterized by its unique mech nism for storing ch rges. Energy stor ge in EDLC‘s is 

electrostatic in nature and arises from the separation of electronic and ionic charges at the 

interface which occurs across the double-layer of supercapacitor electrodes. There is also no 

charge transfer across the double layer and the charge is transferred mostly at the surface or 

in the bulk near the surface of the solid electrode material. In pseudocapacitors, Faradaic 

reactions quickly take place to an extent limited by finite amount of active material or 
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available surface and the capacitance arises due to innovative redox reactions between several 

oxidation states. Transition metal oxides and conducting polymers have been revealed to give 

the best pseudocapacitance. Hybrid capacitors are electrical capacitors that have been made 

up with one electrode that is of carbon i.e. EDLC, and the other electrode being of a metal 

oxide or conducting polymer (pseudocapacitance) (Jayalakshmi & Balasubramanian, 2008; 

Lu et al., 2012; Winter & Brodd, 2004) . The performance of supercapacitors is usually 

categorized by two parameters of specific capacitance and rate capability. Specific 

capacitance is defined as the ratio between the capacitance and the weight of the active 

materials (Snook et al., 2007). Rate capability is defined as the capability to preserve the 

specific capacitance as the current increases, and is therefore a measure of the capability to 

either produce or provide a large power. To produce a high and effective supercapacitor, it is 

wise to decrease the total weight of the supercapacitor but improve the capacitance and rate 

capability of the supercapacitor (Zhang et al., 2012). Supercapacitors fall in the middle of 

other energy storage devices i.e. between conventional capacitors, batteries and fuel cells and 

this can be observed on the Ragone plot presented in Figure 1.1. Supercapacitors with their 

higher power densities can maintain a greater shelf-life which makes them perfect 

alternatives to batteries. However, the energy densities of supercapacitors are lower than 

those of batteries and fuel cells therefore research on supercapacitors concentrated on 

developing improved classes to make their energy densities more similar or even higher to 

those of batteries. 
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Figure 1. 1: Ragone plot (Gonzalez et al., 2016; Layer, 1966). 

 

Table 1.1, compares supercapacitors with capacitors and batteries in terms of cycle life, 

specific power, specific energy etc. and supercapacitors can endure loads of cycles owing to 

their storage mechanisms which make them beneficial over conventional capacitors and 

batteries. The highly reversible electrostatic storage produces no changes in the electrode 

volume hence eliminating the swelling that occurs in typical redox reactions in the majority 

of   b ttery‘s  ctive m teri l during ch rging  nd disch rging cycles. Table 1.2 compares the 

key variances in the properties of batteries and supercapacitors (Gonzalez et al., 2016; Halper 

& Ellenbogen, 2006; Iro et al., 2016). Comparing the properties of batteries and 

supercapacitors, it can be observed that those of supercapacitors are highly advanced 

therefore making supercapacitors more ideal for energy storage.  
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Table 1. 1: Comparison table of selected electrochemical energy storage technologies from a 

conventional capacitor to a battery. 

Characteristics Capacitor Supercapacitor Battery 

Specific energy 

(Whkg
-1

) 

<0.1 1 - 10 10-100 

Specific power(Wkg-

1) 

>10 000 500-10 000 <1000 

Discharge time 10
-6

 to 10
-3

 s  to min 0.3 - 3 h 

Charge time 10
-6

 to 10
-3

 s to min 1 - 5 h 

Coulombic efficiency 

(%) 

About 100 85 - 98 70 - 85 

Cycle life Almost infinite >500 000 About 1000 

 

Table 1. 2:  Table comparing the properties of batteries and supercapacitors. 

Comparison parameter Battery Supercapacitor 

Storage mechanism Chemical Physical 

Power limitation Reaction kinetics mass 

transport 

Electrolyte conductivity 

Energy storage High (bulk) Limited (surface area) 

Charge rate Kinetically limited High, same as discharge 

Cycle life limitations Mechanical stability, chemical 

reversibility 

Side reactions 
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Table 2. 1: Comparison table of specific capacitance of selected electrode materials (Zhang 

et al., 2009) 

 

Material Density g cm
3
 Electrolyte F g

-1
 F cm

3
 

Carbon cloth 0.35 KOH 

organic 

200 

100 

70 

35 

Carbon black 1.0 KOH 95 95 

Aerogel carbon 0.6 KOH 140 84 

Particulate from 

SiC 

0.7 KOH 

Organic 

175 

100 

126 

72 

Particulate from 

TiC 

0.5 KOH 

Organic 

220 

120 

110 

60 

Anhydrous 

RuO2 

2.7 H2SO4 150 405 

Hydrous RuO2 2.0 H2SO4 650 1300 

Doped 

conducting 

polymers 

0.7 Organic 450 315 

 

 

2.3.1 Graphene oxide/reduced graphene oxide 

 

Graphene and graphene oxide have recently received rapidly growing attention in 

supercapacitor applications due to their exceptional properties. Graphene is a single layer of 

graphite and promises to be a good supercapacitor material due to its properties. It has a large 
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Figure 4. 6: XRF spectra of (a) GO/Pt NPs (b) GO/Ag NPs (c) GO/Cu NPs. 

(b) 

(c) 
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Figure 4. 7: XRD patterns of (a) GO/Pt NPs, (b) GO/Ag NPs and (c) GO/Cu NPs. For 

comparison reasons, the XRD pattern of GO is presented.  

 

 

4.4 Conclusions 

 

GO was synthesized by the modified Hummers method. It was then loaded with Pt, Ag and 

Cu NPs by the electrostatic self-assembly method. HRTEM images of GO/Pt NPs and 

GO/Ag NPs show that Pt NPs and Ag NPs were successfully loaded on the surface of GO. 

The NPs were small and were uniformly dispersed with mean particle sizes of 2.3 ± 0.2 nm 

and 2.6 ± 0.3 nm, respectively. However, Cu NPs were loaded on the surface of GO but were 

large and were uniformly dispersed with mean particle size of 5.5 ± 0.5 nm. The EDS spectra 

(c) 

(c) 
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sheets have a large surface area. Consequently, more active sites may be generated for the 

charge transfer in the polymer composite formed by GO and DBSA with the PANI matrix 

(Ansari & Mohammad, 2012; Castillo-Castro et al., 2007; Kumar et al., 2013). 

 

 

Figure 5. 1: HRTEM images of (a) GO/Pt/DBSA-PANI, (b) GO/Ag/DBSA-PANI and (c) 

GO/Cu/DBSA-PANI. 

 

(a) (b) 

(c) 
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Figure 5. 2: HRSEM images of (a) GO/Pt/DBSA-PANI, (b) GO/Ag/DBSA-PANI and (c)  

GO/Cu/DBSA-PANI. 

 

 

(a) (b) 

(c) 

(c) 
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Figure 5. 3: EDX images of (a) GO/Pt/DBSA-PANI, (b) GO/Ag/DBSA-PANI and (c) 

GO/Cu/DBSA-PANI. 

(b) 

(c) 
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Figure 5. 4: FTIR spectra of (a) GO/Pt NPs/DBSA-PANI, (b) GO/Ag NPs/DBSA-PANI and 

(c)  GO/Cu NPs/DBSA-PANI. 

 

 

 

(a) (b) 

(c) 
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Figure 5. 5: Figure 3. 9: Voltage/time cycling plot of GO/Pt/DBSA-PANI voltage range (0 to 

-0.9V v Ag/AgCl) at 50 A g
-1

 in 1 M H2SO4 (aq). Specific charge/discharge current density 

=56.8 A g
-1

. Specific capacitance = (56.8 x 3.6)/0.9 = 227.2 F g
-1

. 
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Figure 5. 6: Voltage/time cycling plot of GO/Ag/DBSA-PANI voltage range (0 to -0.9V v 

Ag/AgCl) at 50 mA g
-1

 in 1M H2SO4 (aq). Specific charge/discharge current density  

=51.6 A g
-1

. Specific capacitance = (51.6 x 3.6)/0.9 = 206.4 F g
-1

. 
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Figure 5. 7: Voltage/time cycling plot of GO/Cu/DBSA-PANI voltage range (0 to -0.9 V v 

Ag/AgCl) at 50 A g
-1

 in 1M H2SO4 (aq). Specific charge/discharge current density  

= 48.2 A g
-1

. Specific capacitance = (48.2 x 3.6)/0.9 = 192.8 F g
-1

. 
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